Second Series November, 1927 Vol. 30, No. 5 


THE 


PHYSICAL REVIEW 


THE HALF-PERIOD OF RADIUM E* 
By L. F. Curtiss 


ABSTRACT 


The measurements of the decay of Ra E, reported in the Physical Review 
27, 672 (1926), have been extended to four additional preparations. One of these 
proved to be practically pure Ra E. One apparently was contaminated by about two 
percent Ra D, and the figure (4.965 days) for it has been discarded. The half-periods 
for the other three are: 4.978 days, 4.978 days, and 4.971 days with a mean of 4.975 
days. 


N A note! in the PHysIcAL REvVIEw of last year I gave the result of a series 

of observations on the rate of decay of a preparation of Ra E. It appeared 
from those measurements that the value for the half-period was higher 
than the usually accepted figure of 4.85 days. Since of course conclusive 
evidence could not be obtained from the study of a single preparation, it has 
been considered desirable to extend the measurements to several. Four 
sources of Ra E have been independently prepared from time to time during 
the past year, and the results of measurements of their rates of decay are 
recorded in this paper. 

The electroscope was arranged for these measurements as illustrated and 
described in the note referred to above. In fact, sources I, II, and III were 
measured by the identical electroscope used previously, and source IV by a 
newly constructed electroscope to eliminate possibility of errors which might 
be introduced by the erratic behavior of a single instrument. The fact 
that, as will be shown, all the measurements with different instruments are 
in excellent agreement is considered additional support for the results ob- 
tained. 

The sources were prepared by a slightly different method from that 
described in the previous note. The electrolytic separation of Ra E from 
Ra D was eliminated and the usual method of simply rotating a nickel disk 
in a solution of Ra D was adopted. This gave practically pure samples of 
Ra E, as will be noted later. 

Observations were made in the same way as described in the previous 
note, making the usual corrections for changes in temperature and pressure, 
and for the natural leak of the instrument. Measurements were continued 
until the activity became constant in all cases and this residual activity was 


* Published with the approval of the Director of the Bureau of Standards, Department of 
Commerce. 
1 Phys. Rev. 27, 672 (1926). 
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attributed to Ra D. This was subtracted from the original observations. 
The correction was usually small, being highest for source I where it amounted 
to 2 percent. For source II it was 0.7 percent; for source III, 0.09 percent, 
and for source IV, 0.5 percent. Since the residual activity for source III 
was only 0.09 percent of the initial value, we may safely conclude that it was 
practically pure Ra E. 


TABLE I 
Decay of activity I of sources of Ra E. 
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The figures obtained from observation of the activity of these sources are 
tabulated in Table I. The activity (I) is the value after all corrections have 
been made as indicated above. 


| 
| 
| I Il Ill IV 
Hours I Hours I Hours I Hours I 
0 1 0 100.0 0 a 0 
22.6 4 5 
26.0 21 2? 
29.2 27 5 
47.2 69 6 
50.2 75 7 
53.2 93 9 
70.8 100 9 
74.0 117 11 
| 143.6 123 12 
146.6 141 14 
ii 149.5 148 14 
| 167 .3 165 1 
d 170.6 171 17 
173.3 189 21 
: 191.2 195 21 
193.2 237 23 
196.3 244 2 
218.6 261 2 
/ 221.4 268 2 
' 239.1 285 2 
242.1 - 292 3 
290 .6 309 31 
293.1 315 3: 
+ 311.0 "333 3 
314.4 339 3 
i 317.3 357 3 
i 335.9 363 4 
338.2 405 41 
341.3 411 45 
359.2 429 47 
1 362.4 435 4 
365.7 453 5 
383.2 459 5 
389.1 477 55 
407.2 484 55 
409.7 501 57 
454.5 508 57 
457.4 525 5¢ 
479.0 531 6 
485.0 580 65 
530.2 597 67 
: 576.7 621 7 
| 623.0 627 
i 652.0 645 
674.0 651 
695.0 
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Since these data are well suited for treatment by the method of least 
squares, the slope of the curve representing the natural logarithm of the 
activity plotted against the time was determined by that method. This 
calculation yielded the following results for the slopes: source I, 0.00582; 
source II, 0.00580; source III, 0.00580; source IV, 0.00581. In the accom- 
panying figure the straight lines corresponding to these calculated slopes 
have been drawn. The four lines have been displaced by equal amounts to 
permit all to be represented in a single figure. Therefore the figures on the 
margin of the graph representing the ordinates only refer directly to curve I. 
After these calculated straight lines had been drawn, the experimental 
points were added to the graph to indicate how well they follow the straight 


Hours 
Fig. 1. Curve showing the variation of the logarithm of the activity with the time. 


lines. Wherever a number of points came close together only one, selected 
at random, has been represented to avoid crowding. It will be noticed that, 
except for source I, these observations follow very closely to the calculated 
lines. The observations for source I are not satisfactory. The fact that the 
slope of its curve, as determined by least squares, agrees so well with the 
others must be considered accidental. Furthermore, this preparation was 
not very pure; containing, as has been stated, about 2 percent Ra D. For 
these reasons it has been eliminated in arriving at the final figure for the 
half period. 

The half periods calculated from the slopes as given above are as follows: 


Source I 4.965 days Source III 4.978 days 
Source II 4.978 days Source IV 4.971 days 
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The agreement for the last three preparations is extraordinarily good. 
Eliminating source I for the reasons given in the preceding paragraph, we 
have for the average of the other three the value 4.975 days for the half 
period. Furthermore, this is in remarkable agreement with the value found 
by Bastings® of 4.98 days. 

In view of the facts presented above it appears very difficult to accoumt 
for lower values obtained by some observers* more or less recently. It must 
be admitted that there is a danger of getting results which indicate a half 
period which is too long because of slight contamination with Ra D. How- 
ever, if the observations are extended sufficiently to determine the proper 
correction this should not matter. At any rate the present figures show that 
it cannot be very serious since a source (III) of pure Ra E yields the same 
results as one contaminated with 0.7 percent Ra D. 

In conclusion I acknowledge with pleasure the supply of old radon tubes 
received from the Kelly Hospital in Baltimore from which the preparations 
of Ra E were extracted. I also wish to thank Mr. L. L. Stockmann, who took 
most of the electroscope readings and who very kindly undertook the some- 
what laborious calculations. 

BUREAU OF STANDARDS, 


WasuIncTON, D. C., 
August 17, 1927. 


? Bastings, Phil. Mag. 48, 1075 (1924). 
+ G. Fournier, Comptes rendus, 181, 502 (1925). 
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THE IONIZATION AND STOPPING POWER OF VARIOUS 
GASES FOR ALPHA-PARTICLES FROM POLONIUM: I 


By G. E. Gipson ANpD E. W. GARDINER 


ABSTRACT 


Determinations of the differential ionizations and stopping powers of hydrogen, 
neon, nitrogen, oxygen, argon, and methyl iodide have been made at intervals along 
the range of a-particles from polonium. From the results of these and other determina- 
tions it is shown that the energy lost by the a-particle per ion is nearly independent of 
the speed throughout the range. There are slight but definite systematic deviations 
from constancy for oxygen and methy] iodide. 


I. INTRODUCTION 


HE energy lost by an a-particle in air per pair of ions formed has been 

shown by Kapitza,'! by I. Curie,? and by Gurney* to be nearly in- 
dependent of the speed, or range, of the a-particle. In other words, the 
quantity (@E£/0/)> is constant along the range, where E is the energy of the 
a-particle, and J is aquantity proportional to the number of ions produced.‘ If 
this were true for all gases the quantity o(0//0x))/(0I/0x) should be inde- 
pendent of the ranges in all cases, where x is the distance travelled by the a- 
particle, and a is the differential stopping power, that is ¢ = (@E/0x)/(0E/Ax)o. 
For we have. 


(0E/ 0x) = (@E/dx)/(AI/ dx) Ax). (1) 


We have tested this relationship for a number of gases. Instead of 
(81/dx)o, however, we have taken an average 0//0x for the gases No, A, He, 
NO*, N.O* all of which have ionization curves whose ordinates are closely 
proportional throughout the range, and stopping powers which are nearly 
constant.5 At each point of the range the arithmetic mean of the values of 
log 01 /dx for the various gases is the logarithm of the average 0//0x which we 
will call (07/dx),. In other words, (@J/dx); is the geometric mean of the 
values of 0J/dx. In this way a more representative curve is obtained from 
which chance deviations, which might occur in the curve of a single gas, 
may be expected to be largely eliminated. The values of the ratio 
p2=a(01/dx),/(01/dx) for various gases and residual ranges are compared in 
Table I with those of p,= (0J/0x),/(0I/dx). 


1 Kapitza, Proc. Roy. Soc. (London), A102, 48 (1922). 

2 I. Curie, Ann. d. physique (10) 3, 299 (1925). 

3 Gurney, Proc. Roy. Soc. (London), A107, 332 (1925). 

* The subscript zero will always be taken to denote that air is the gas to which the symbol 
so designated refers. 

’ The data for the gases with an asterisk were taken from the paper by Gibson and Eyring 
which follows this. 
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TABLE I 


Values of the ratios py =o(A1/dx),/(A1/Ax) and py=(AI/dx);,/(A1/dx) for various gases 
and residual ranges. 


Residual 
range 0.2 #O.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.2 1.4 1.6 A 
(cm) 
H, p, 419 419 451 472 514 535 569 573 589 606 615 621 = 12.5 
131 135 137 136 136 132 132 131 133 136 1.5 
Het ep. 158 157 155 157 159 159 159 158 157 156 154 153 1.0 
p2 i111 115 116 115 113 110 111 112 113 «113 114.115 
Ne pr: 212 222 223 211 #197 192 188 185 183 180 177 174 8.3 
Not p. 134 134 138 139 140 140 140 139 140 139 138 = 138 1.1 
p2 135 134 137 138 141 141 138 137 138 137 136 =—.1137 1.0 
Os 126 128 127 127 #121 #+119 118 117 116 116 115 114 3.6 
p2. 124 129. 130 129 127 125 124 123 123 122 121 117 ye 
NO*T pi 115 116 120 119 119 117 118 119 119 120 120 120 1.0 
N.O*t p, 110 105 104 104 103 102 102 101 102 101 101 #103 1.6 
A ep, 108 107 108 110 111 112 112 112 112 112 112 += «110 1.4 
p» 99 100 100 103 103 104 104 104 104 104 104 103 1.3 
CH;I pi 270 270 259 255 255 254 255 258 262 270 274 277 2.8 
Air*t pi 115 120 120 118 118 117 118 118 118 118 117 117 0.7 


* Data taken from Gibson and Eyring. 
+t These gases were used for obtaining the average (0J/Ax)). 


In the last column A signifies the average deviation from the mean in percent. 
The gases which show an undoubted deviation from constancy of p; are 
hydrogen, neon, oxygen and methyl iodide. It is a curios coincidence that air 
which has been chosen as a standard of comparison in this should show the 
least deviation from the average. In every case A for p2 is less than for p;. 
In hydrogen the improvement is very marked. Neon, which shows the second 
largest deviation for p; would also have a very much smaller deviation for po, 
since the average stopping powers for this gas found by Gurney* show a 
trend of about the right amount to counterbalance the trend in p;. Dif- 
ferential stopping powers have not yet been obtained for neon. Oxygen and 
methyl iodide, however, show trends which seem to be definitely beyond the 
limit of experimental error. We have checked data for both gases repeatedly 
and always with the same result. We may conclude therefore that the 
constancy of 0E/d/ along the range is not quite perfect, although the close- 
ness with which this approximate rule is obeyed is very significant. The 
stopping powers of CH;I have been determined, but are subject to errors 
which we will discuss later. For this reason p2 was not calculated for this gas. 
The data are sufficiently accurate to indicate that there would be a slight 
improvement here also, but not sufficient to remove the trend in pe. In the 
attempts which so far have been made at a theoretical interpretation of 
ionization and stopping power the constancy of 0E/0J does not appear to 
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have been recognized as a condition which a complete theory should satisfy. 
Nor is it derivable without further assumptions from the theories so far 
proposed. It is not surprising that this point should have been overlooked 
hitherto in view of the lack of accurate energy determinations before the 
work of Kapitza, and the fact that large deviations from proportionality of 
the 0J/dx curves, as in hydrogen, were known to exist. The ionization 
and stopping power data hitherto available were inadequate to show the 
correlation between these deviations from proportionality and the variation 
in stopping power along the range which is apparent in the data of Table I. 
A constant energy loss per ion would be explained if only a single type of 
ionization were concerned, but this cannot be so, in view of the variation in 
stopping power with atomic number which shows that the internal electrons 
must play some part in the energy loss produced by heavy atoms, while the 
ionization in hydrogen and helium proves that loosely bound electrons also 
are readily affected by the a-particle. Transference probably contributes 
only a small amount to the energy loss, in view of the experiments of Sponer,® 
Dymond,’ and Glockler,* which show that the efficienty of excitation for 
transference is much smaller than for ionization. The kind of electron 
excitation, however, which subsequently results in dissociation of the 
molecule into atoms is likely to play an important part in the lighter mole- 
cules.* There seems to be a parallelism between the efficiency of an excitation 
by collision and the width of the corresponding line or band in the spectrum of 
the gas. If we may use this as an argument, the excitation resulting in 
dissociation should be highly efficient in view of the width of the absorption 
band following the band convergences which in the theory of Franck® 
involve this process also. There are thus a large number of processes involved 
producing very diverse losses of energy in the moving particle. We must also 
take into consideration the fact that secondary ionization by the ejected 
electrons is responsible for the major portion of the ionization in the early 
part of the range, but contributes a smaller fraction when the velocity of the 
a-particle is relatively small, as at the maximum of the ionization curve, 
and beyond. That the resultant loss of energy per ion from all these sources 
is so nearly independent of velocity seems to show that their relative fre- 
quencies are nearly the same at different parts of the range. It would seem 
also that these relative efficiencies in a given gas must be the same whether 
the ionizing particle is an electron or an a-particle, as otherwise the change 
in the amount of secondary ionization along the range would necessarily 
produce a change in 0E/d0J. Further, since the proportion of singly charged 
a-particles is already considerable at the maximum of ionization where the 
primary ionization is large, the relative efficiencies of these processes for 
singly and doubly charged helium ions cannot differ by any large amount. 


6 Sponer, Zeits. f. Physik 7, 185 (1921). 
7 Dymond, Proc. Roy. Soc. A107, 291 (1925). 


8 Glockler, The Efficiency of Electron Impact Leading to Resonance in Helium (not yet 
published). 
® Franck, Zeits. f. Phys, Chem 120, 144 (1926); Trans. Faraday Soc. 21, Part 3 (1925). 
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When the energy of a secondary electron diminishes to the value below which 
it cannot produce a given excitation, the relative efficiency with which it 
produces this excitation must change very rapidly to zero. At first sight 
this appears to be incompatible with the constancy of 0E/dJ, and must in 
fact be responsible for at least part of the observed deviations, although these 
are only slightly in excess of experimental error. A possible explana- 
tion would be that a secondary electron produces the major portion of its 
excitations (and ionizations) while its energy is still in excess of the amount 
necessary to ionize the most firmly bound of the electrons which are affected 
to any large extent by the a-particles. Then the identity of the relative 
efficiencies of the various processes for the three kinds of particles, electron, 
Het and Het**, need only be assumed for speeds in excess of those necessary 
to produce the major portion of the excitations which actually occur. 
Since the energy of the secondary electrons is comparatively small on the 
average, this leads us again to the conclusion that only a small fraction of the 
electrons ejected can come from the deeper levels. It is possible that collisions 
of the second kind, involving ions which lack an electron from one of the 
deeper levels, may result in a number of excitations and ionizations of lower 
energy, but if so it seems necessary to assume the same relative frequency of 
production of the various types of excited atoms or ions by this process, as 
by collision with the moving particles. 


II. APPARATUS 


The apparatus used in the determination of ionizations and stopping 
powers is essentially the same as that which Geiger'® used in the accurate 
determination of ranges. It was found convenient, however, to make the 
whole apparatus of brass instead of glass, and to charge the gold leaf electro- 
scope by a magnetic device. In Fig. 1 the essential parts of the apparatus 
are shown. 

The upper chamber A, hereinafter called the ionization chamber, consists 
of a brass cylinder, 12 cm in diameter and 10 cm high. At the bottom it is 
fastened to a brass plate C 1 cm in thickness and 14 cm in diameter. Through 
the central part of this plate are drilled about 500 holes of 3 mm diameter 
over an area 8 cm in diameter. To the under side of the brass plate is fastened 
a thin sheet of mica D by means of cement and held in position by a brass 
plate E of 5 mm thickness and having the same number of holes as the upper 
plate. The purpose of the holes is to obtain a nearly parallel beam of a- 
particles and to support the mica sheet with the minimum amount of bending 
under pressure, while giving a large area through which the a-particles can 
pass. The mica sheet separates the upper and lower chambers and can 
withstand a difference in pressure of more than one-half atmosphere. It 
has a stopping power for a-particles equivalent to about 2 cm of air at at- 
mospheric pressure and 0°C. The lower chamber B has the same dimensions 


0 Geiger, Zeits. f. Physik 8, 45 (1921). 
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as the upper one and will be designated as the retarding chamber. It con- 
tains a silver plate F, 6 cm in diameter, supported at a distance of 8 cm from 
the mica sheet. On the silver plate is deposited the source of a-particles, 
polonium. 


Fig. 1. Diagram of the ionization apparatus. 


III. PREPARATION OF GASES 


Hydrogen was obtained by the electrolysis of NaOH solution and purified 
from oxygen and water by passing over heated platinized asbestos and 
through a liquid air trap. Helium was purified by passing through heated 
copper oxide to remove hydrogen and oxygen, and through a liquid air trap 
containing charcoal to remove water vapor and nitrogen. Oxygen was pre- 
pared by heating HgO in a tube which previously had been evacuated. Air 
for the ionization and retarding chambers was dried over fused KOH and 
P.O; before introduction into the apparatus. Argon containing from 1 to 
2 percent of impurities, probably hydrogen and nitrogen, was dried and used 
without further purification. Neon was obtained “pure” from the Linde Air 
Products Co. of Buffalo, and further purified by passing through a liquid air 
trap. Methyl iodide was washed with dilute NaOH to remove iodineand 
hydroiodic acid and then dried with fused CaCl.. The bromoform contained 
at first about 5 percent of ethyl alcohol, which was removed by repeated 
recrystallization in vacuo. 


IV. PREPARATION OF THE POLONIUM SOURCE 


Decayed emanation tubes containing an equilibrium mixture of RaD, 
RaE and RaF were ground up and heated to a temperature sufficient to drive 
off the mercury and wax which were present. The glass was then dissolved 
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in hydrofluoric acid and the solution was diluted. Into this solution of polon- 
ium a silver plate was placed for 4 or 5 hours and received a large deposit 
of polonium quite evenly distributed. This is a very convenient way to 
obtain a uniform polonium source. 


V. PROCEDURE 


For a pressure of 2 cm in hydrogen and a chamber 11 cm long the air 
equivalent at atmospheric pressure is about 0.7 to 0.8 mm, and the speed of 
the a-particles is therefore nearly constant in the ionization chamber. For 
hydrogen and helium a pressure of 2 cm was used, for neon a pressure of 8 mm, 
for nitrogen, argon and oxygen a pressure of 4 mm, for methyl iodide 2.5 mm 
and for bromoform 0.8 mm. 

The speed of the a-particles entering the ionization chamber was deter- 
mined by the pressure of the air in the retarding chamber, and could be 
varied by increasing or decreasing the pressure of the air. From the dimen- 
sions of the apparatus the air equivalent at atmospheric pressure of the 
air in the retarding chamber could be obtained. 

The pressure in the ionization chamber was measured by a McLeod 
gauge or mercury manometer, and the pressure in the retarding chamber by 
a large bore mercury manometer. The manometer was regulated to an ac- 
curacy of 0.3 mm, corresponding to a variation in the path of the a-particle 
of about 0.003 cm. 

After the pressure in the two chambers had been measured, the electro- 
scope was charged to about —200 volts. A guard ring above the amber was 
charged constantly to —210 volts to reduce the leak. During a run the po- 
tential of the gold leaf fell from — 200 volts to —30 or —40 volts. A constant 
rate of fall was proof that the saturation current was being obtained without 
ionization by collision. At 2 cm pressure in helium ionization by collision was 
appreciable at voltages around —200 volts. In runs on helium at 2 cm 
pressure the voltage was kept below —180 volts and it was found that con- 
stant rates of fall were obtained when the voltage on the gold leaf changed 
during a run to —30 volts. We were thus sure that ionization by collision 
was not occurring in the inonization chamber. In hydrogen and air there 
was no ionization by collision for potentials of —200 volts on the leaf 
from pressures of 1 mm to 20 cm and the ionization was also proportional 
to the pressure within that range. In helium the ionization was propor- 
tional to the pressure up to 20 cm, but at the lower pressures from 0.5 mm 
to 15 mm it was necessary to use low voltages. The range of the potential on 
the electroscope was, however, great enough in all cases to prove that ioni- 
zation by collision was absent during any of the runs made. 

Keeping the pressure in the ionization chamber the same, the pressure 
in the retarding chamber was varied from zero to 20 cm, at which pressure 
all the a-particles were stopped by the air and mica, so that none entered 
the ionization chamber. In this way the ionization curve for the last two cm 
of the path was obtained. The natural fall of the gold leaf was different for 
each gas, and amounted to 0.1 and 0.2 percent of the greatest rate of 
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fall of the leaf when the a-particles were ionizing in the chamber. The 
ionization values were corrected for the decay of the source and for the 
natural fall of the electroscope. 


The experimental values of the ionization are average values for the 
length of the ionization chamber. The true differential values were obtained 
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Fig. 2. lonization curves of helium, hydrogen and neon at 2 cm pressure. 


from them by a graphical correction and the figures are calculated for a 
pressure of 2 cm in each gas. The curves for hydrogen, helium and neon are 
shown in Fig. 2; those for nitrogen, argon and oxygen appear in Fig. 3, and 
those for methyl iodide and bromoform in Fig. 4. The ordinates in Fig. 3 


lonization in volts per minute (x 10°?) 


Range in cm 


Fig. 3. lonization curves of nitrogen, oxygen and argon at 2 cm pressure. 


are drawn on a scale double those of Fig. 2, while the ordinates in Fig. 4 
are four times those of Fig. 2. The ionization at the extreme end of the range 
was determined at short intervals, and the results are shown in Fig. 5. 
Im Figs. 2, 3 and 4 the experimental points have been drawn in to show the 
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degree of accuracy obtained. Only a few of the experimental points at the 
end of the range were included in these graphs, as the scale is too small to 
show all of them clearly. In Fig. 5 experimental points are shown only for 
neon and hydrogen. 


a 

2" 

> 

4 

\ 
£ 

c4 

6 

3 \ 
= 

4 


Range in cm 


Fig. 4. Ionization curves of methyl iodide and bromoform at 2 cm pressure. 
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Fig. 5. End of the ionization curves of all the gases studied. 


VI. StopPpinc PowER 


The method, in principle, is identical with that of Gurney.* The stopping 
power of a gas is the ratio of the distances in air and in the gas under con- 
sideration which an a-particle will go for a decrease in speed of the same 
amount in the two gases. Using an ionization chamber of fixed dimensions, 
the stopping power of hydrogen is the ratio of the pressures required just 
to prevent the a-particles from reaching the top of the chamber in hydrogen 
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to the pressure required to do the same in air. The pressure of air in the 
retarding chamber was fixed so that the a-particles emerging from the mica 
sheet would have a definite residual range, say 3.5 mm. The stopping power 
measured was then an average value for the last 3.5 mm of the range. Ion- 
ization pressure curves were measured for air and hydrogen, and the ratio 
of the pressures at which ionization became constant in the two gases was 
taken as the stopping power of the hydrogen. Since it was hard to determine 
accurately the exact pressure at which the ionization became constant, the 
curves obtained for hydrogen and air were reduced to the same total ion- 
ization value. The ratios of the abscissas at a number of corresponding 
ordinates near the highest value of ionization were obtained and their 
average was taken as the stopping power. It was noticed that the ionization 
for air and hydrogen did not remain constant, but reached a maximum as the 
pressure was increased." 

One determination only was made on the stopping power of a gas for 
higher speed a-particles, namely for methyl iodide at the beginning of the 
range of polonium, using again the method of Gurney. The stopping power 
of methyl] iodide was found to be 2.6 and is an average value for the a-particles 
of polonium up to a range of 1.6 cm measured in air. 

The results of these determinations are given in Table II, along with a 
few of Gurney’s results. 


TABLE II 
Stopping powers 
Residual He Ne He A 
Range 
0.6 mm 0.235 1.018 0.906 0.151 0.925 2.10 
1.6 mm 0.282 1.018 0.929 0.165 0.913 2.29 
2.6mm 0.283 1.047 0.945 0.169 0.89 2.44 
3.6mm 0.293 1.018 1.001 0.172 0.935 2.61 
3.5mm (G) 0.309 0.981 0.179 0.914 
1.4 cm (G) 0.247 0.920 
3.8 to 3.5 0.214 1.05 0.175 0.930 2.6 
cm (G) (3.8 to 2.2 cm) 


Gurney’s values are indicated by (G), all the values in the last three 
horizontal rows being taken from his paper, with the exception of the last 
value for methyl iodide. It is evident that there is a maximum stopping 
power for hydrogen. In the last centimeter of the range the ionization 
reaches a maximum, and falls off rapidly to zero. Whether the stopping 
power has a maximum or a minimum depends on the choice of air as standard. 


4 After emerging from the mica sheet, there is a portion of the path before the @ particles 
emerge from the holes in the upper brass plate, in which the ions produced are partially shielded 
from the field. By a somewhat involved calculation, which we shall not give here, we were able 
to reproduce the form of the experimental curves and the position of the maximum, assuming 
that all ions up to a certain distance (0.8 cm in the case of hydrogen) failed to be collected. 
The calculation showed that the effect of this on the stopping power as calculated from the 
uncorrected experimental curves was small for the lighter gases but considerable for methyl 
iodide. This point is discussed further in the following paper by Gibson and Eyring. 
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The experimental values of the stopping power are averages over a certain 
part of the range. We may calculate the differential stopping power for each 
speed of the a-particle from these average values as follows: 

The distance which an a-particle of residual range R will travel is 
f rs (1/0)dR, where a is the differential stopping power. The average stopping 
power obtained experimentally is given by the equation 


f 
or 
1 a/R 


Plotting R/o.., against R we may obtain 1/¢ graphically by drawing tan- 
gents to the curve. This was done for hydrogen, helium, argon, oxygen, and 
the results are shown on Fig. 6. The ionization curves in Figs. 2, 3, 4 and 5, 
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Fig. 6. Stopping power of various gases as a function of the residual range in air. 


together with the differential stopping powers in Fig. 6, were used in the prep- 
aration of Table I. 
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THE IONIZATION AND STOPPING POWER OF VARIOUS GASES 
FOR ALPHA PARTICLES FROM POLONIUM. II. 


By G. E. Gipson Anp H. EyrinG 


ABSTRACT 


The ionizations of nitric oxide, nitrous oxide, and air were found to be strictly 
proportional along the range, while methy] iodide shows definite systematic deviations. 

A method of determining differential stopping powers for a-particles has been 
applied to a number of gases. The results show that such unstable molecules as NO 
and H;C—N =NCH; give strictly additive stopping powers. The stopping powers 
of all investigated gases are constant within one or two percent for the first 16 mm of 
range for a-particles from polonium. The method used by Gurney, and by Gibson and 
Gardiner, for determining stopping powers at the end of the range was investigated, 
and modified in some details. A series of stopping powers for each of four gases was 
obtained. 

Straggling of a-particles in various gases. The portion of a Bragg ionization curve 
between the maximum and the last 1.5 mm is approximately a straight line. If the 
ionization curve for an individual a-particle is a straight line, and if the straggling 
of the a-particles is given by the equation y=e*/*"/x'/2@ (derived theoretically by 
Bohr and Flamm, and tested experimentally by Irene Curie, Briggs, and others), the 
end of the Bragg ionization curve is accurately reproduced. This has been shown by 
Henderson and by Irene Curie. The values of a which they used were obtained from 
other considerations. The inverse process, that of finding a from the end of the Bragg 
ionization curve, has been shown in this paper to give values of @ for air which agree 
with those given by the other methods. This procedure is applicable to the study of 
straggling in any substance chemically non-reactive. 


T SEEMED desirable to investigate to what extent amounts of ionization 
and stopping powers of elements are changed in compound formation. 
Much work has been done and an additive law for atomic stopping power has 
been deduced by Bragg which holds in many cases within experimental 
error.!. On the other hand the number of ions formed appears to be very 
largely conditioned by chemical composition. The hydrocarbons yield about 
1.3 times as many ions as air, per a-particle, while H,, CO, and COs, yield 
approximately the same number. Since the number of ions formed is the 
ratio of molecular ionization to stopping power, molecular ionization cannot 
be the sum of the atomic ionizations. It was hoped that a study of certain 
additional compounds might shed light on these points. With this purpose 
in view, we determined relative ionizations and stopping powers at the be- 
ginning and end of the range of a-particles from polonium in a modified 

Geiger apparatus similar to that used by Gibson and Gardiner.* 
The only essential modification was the inversion of the perforated brass 
plates (D, Fig. 1 of preceding paper by Gibson and Gardner) between which 
1 Rutherford, “Radioactive Substances and Their Radiations,” Cambridge University 


Press, 1913. 
2 Gardiner, Ph. D. thesis, California 1926; Gibson and Gardiner, Phys. Rev. (preceding 


paper). 
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the mica sheet was clamped in order to diminish the depth of the part of the 
perforations above the mica sheet. As will be shown later, this change re- 
duced to a negligible amount the error due to loss of ions in the perforations. 

All the gases, with the exception of N2O, were prepared by standard 
methods in vacuum-tight apparatus. Suitable drying agents were used and 
fractional distillations from ether-carbon dioxide mixtures and liquid 
air were employed where feasible. Condensable gases were never used 
without first ascertaining the absence of permanent gases. Reactive gases 
were kept condensed in liquid air. Nitrous oxide was taken from a commercial 
container, was passed through P,O;, KOH, and distilled after removal of 
any gases not condensable in liquid air. Azomethane was kindly supplied 
by Dr. Herman Ramsperger. Samples of the same gas prepared at different 
times always gave concordant results. 


IONIZATIONS 


Ionization curves for certain gases at low pressures in the upper chamber 
have been obtained and have been extrapolated to zero pressure. The 
resulting curves for air, nitrous oxide and nitric oxide show proportionality 


\\ 


lonizetion (volts per minute? 
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4 
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Fig. 1. Ionization in N,O, NO and air for equal pressures in the upper chamber. 


of their ordinates within experimental error (about one percent) all along the 
range. The curves given in Figure 1 show the ionizations given by these 
gases for equal pressures in the upper chamber. 


MOLECULAR AND TOTAL IONIZATIONS 


Ionization cusves of a series of gases at pressures of 2 cm in the upper 
chamber were also obtained. The depth of this chamber at this pressure of 
air is equivalent to slightly more than 2 mm at standard conditions. It is 
difficult to derive the curve for infinitesimal pressure in the upper chamber 
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from such curves, but they furnish a means of getting the molecular ioniza- 
tion at a point far from the end of the range. The molecular ionization is the 
ratio of the ionization obtained from a number of molecules of gas to the 
ionization obtained from an equal number of air molecules. The molecular 
ionization divided by the differential stopping power gives the number of 
ions formed for unit decrease in range of the particle in air. That this 
quantity will be nearly the same for all points of the range and consequently 
equal to the “total ionization,” follows from the rule stated in the preceding 
paper, that the energy loss per ion is constant along the range. The values 
for NO, N:O, and CO: coincide exactly with the values given by Bragg for 
total ionization*, as would be expected from the rule. 

The stopping power in each case is one determined experimentally for a 
point about 6 mm nearer the source than the point at which the ionization 
was measured, but the stopping power is certainly constant to a greater 
distance from the source than this. Table I gives the experimental results. 


TABLE I 
Molecular ionization produced by a-particles in various gases. 


Gas Molecular Molec. Ionization 
Ionization 
Stopping Power 
1.855 1.000 
HCN 1.205 1.126 
co 0.987 1.005 
CO: 1.520 0.996 
1.54 1.02 
CH;I 3.56 
O: 1.187 1.099 
CH;N =NCH; 3.42 1.38 
NO 1.29 1.29 - 


The distance from the end of the range for which the above values apply 
is 1.68 cm. 


STopPING PowErs IN First PART OF RANGE 


The method employed was to use air at constant pressure in the upper 
chamber (2 cm in these measurements). Two ionization curves were then 
determined. In the first, air was used in the lower chamber; in the second, 
the gas whose stopping power was being determined. Corresponding points 
on the two curves were chosen such that the ordinate (ionization) of each 
was the same fraction of the maximum ordinate. The abscissas (ranges) 
were then plotted against each other. The slope of this curve is the differential 
stopping power of the gas. The thickness of the mica determined how near to 
the end of the range this method could be carried. The mica sheets varied 
_ from 1.5 to a little more than 2 cm air equivalent at standard conditions of 
temperature and pressure. The range of an a-particle from polonium was 
assumed to be 3.721 cm in these determinations. 


3 Bragg, Studies in Radioactivity. p. 68, Macmillan 1912. 
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The calculated stopping powers in the table were obtained by taking 
H;=0.223, N.'=0.94, I,!=3.44, C=0.448 (calculated from the values for 
O, and CO: in Table II.) 


TABLE II 
Stopping powers of various gases for a-particles. 


Distance trom _ Stopping power 
source in cm Experimental Calculated 


.20 to 1. 
.20 to 1. 
.60 to 2. 
.80 to 2. 
.80 to 2. 
.20 to 1. 
.20 to 1. 
.20 to 1. 
.20 to 1. 
.20 to 1. 
.20 to 1. 
.20 to 1.40 


The stopping powers of the gases other than He, and (CN). are probably 
correct for the ranges given, to within 1 percent. Cyanogen was prepared by 
dropping KCN solution on CuSO, and passing the gas repeatedly over 
P,O;, condensing it with liquid air, pumping off the non-condensable gases, 
and drawing the cyanogen used from an HCl-ice bath at —20°C: The deter- 
mination seemed satisfactory at the time, but subsequent preparations of the 
gas by the same method failed to give reproducible results for stopping powers 
at the end of the range. This matter will be discussed again later. 

The curves from which the above stopping powers were taken are straight 
lines within experimental error, so these values represent within one or two 
percent the stopping power for the first 1.6 cm of the range of a-particles 
from polonium. 

Perhaps the most striking thing shown by this table is that NO and 
H;CN = NCH; have stopping powers so near the values calculated on the 
basis of additivity of atomic stopping powers. The odd electron configuration 
manifestly has slight influence on the total amount of energy an a-particle 
loses when it is moving rapidly. 


STopPING PowER NEAR THE END OF THE RANGE 


Four gases were investigated, hydrogen, methyl iodide, nitric oxide and 
cyanogen. The first two were run for comparison with the work of Gurney.‘ 
and of Gibson and Gardiner,? and the method, except for the modification 
already mentioned, was the same as theirs. 

The air pressure in the lower chamber was fixed at some definite value, 
so that a-particles after traversing the air of the lower chamber and the mica 
sheet entered the upper chamber with a definite residual range. Varying 
pressures of air were introduced into the upper chamber. Each pressure 
yielded a certain rate of fall of the electroscope. Pressure and rate of forma- 


‘ Gurney, Proc. Roy. Soc. London A107, 340 (1925). 


0.223 
CH;N =NCH; 2.47 2.505 
1.079 
1.076 
CH;I 2.60 2.502 
CH;I 2.60 
N,0 1.514 1.479 
CO, 1.527 1.527 
co 0.980 0.990 
NO 1.006 1.009 
HCN 1.070 1.030 
(CN)s 1.85 1.836 
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tion of ions were plotted against each other and a curve obtained which 
showed a flat maximum. This maximum corresponded to a gas pressure just 
sufficient to prevent the a-particles from striking the top of the box. 


TABLE III 
Ratio of maximum ionization in various gases to maximum ionization in air 
produced by a-particles at different points along their range. 


Dist. from Stopping power Max. ionization gas 
end of range Gibson and 
in mm Observed Gurney Gardiner | Max. ionization air 


0.6 0.235 
0.282 
0.283 


0.293 


N 


on 


why 
a 


1 
2 
2.70 
3 
3 
4 


.18 
.88 
.42 
to 2 


2.52 to 2.08 


* The chronological order for the cyanogen determinations was 1, 5, 2, 6, 3, 4. 


Table III gives, in the first column, the gas, in thesecond the distancefrom 
the end of the range in millimeters, in the third, fourth and fifth columns the 
stopping powers obtained by the writers, Gurney, and Gibson and Gardiner, 
respectively. The sixth column gives the ratio of the number of ions formed 
in air to the number in the gas in question for the residual range for which the 
stopping power was determined. The checks with hydrogen are good, and this 
gas is the one which would be expected to be least affected by the loss of ions 
in the perforations in the original arrangement of the apparatus. The fifth 
column shows the stopping power of CH;l falling off more rapidly than does 
the third. There is a real discrepancy here which probably is due to the loss 
of ions in the perforations in the earlier experiments. The results for NO seem 
to show a slight minimum in the stopping power curve. 


Gas 
H2 
0.278 1.077 
0.309 
0.303 1.076 
0.247 
0.223 
0.214 
2.10 
2.29 
2.56 : 1.42 
2.44 
2.58 1.44 
2.61 
2.64 1.43 
2.60 
NO 095 1.19 
047 1.237 
02 1.22 
035 | 
025 1.197 
96 1.23 
|_| 0.8 009 
(CN).* 739 1.02 
79 1.01 
57 1.03 
88 1.02 
84 1.05 
63 1.05 
85 1.03 
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The case of cyanogen is interesting in that it reveals a progressive in- 
crease in stopping power with time, the values 1.57, 1.79 and 1.88 having 
been obtained for the gas on successive trials for the same range. The explana- 
tion is probably polymerization. The gas was kept condensed in liquid air 
and allowed to vaporize from the solid when it was desired to admit it into 
the upper chamber. Every precaution was taken to insure drying and to 
remove any non-condensable gases, particularly when it was observed that 
the results were not reproducible. Cyanogen also appears to have a minimum 
stopping power near the end of the range. 

Since the apparatus as used by Gibson and Gardiner? had, on the upper 
side, the thicker of the two plates which clamped the mica, the a-particles 
upon entering the upper chamber first pass through perforations a centimeter 
deep from which some of the ions formed failed to emerge. This caused an 
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Fig. 2. Observed and calculated values of the ionization for various pressures 
in the upper chamber. 


increasing number of the ions to be lost, probably by recombination as the 
pressure in the upper chamber was increased. The resulting curves showed a 
dropping off beyond the maximum which was calculable if the proper fraction 
of each hole was considered to contribute no ions. After inverting the plate, 
the resulting curves showed much less dropping off beyond the maximum, 
and a series of air curves made with different pressures of air in the lower 
chamber had maxima which were exactly superposable. This meant that 
the fraction of the total number of ions lost in the holes was negligible. 

The truth of this was borne out strikingly by the precision with which the 
shape of the experimental curve was reproduced by integrating a theoretical 
ionization curve calculated from the Flamm-—Bohr theory of straggling in a 
manner to be explained presently. The experimental points and the theoreti- 
cal curve are shown in Figure 2. 


j 

| +4 

| 

tt 

| 

Fi 

1 


IONIZATION AND STOPPING POWER 559 


The ionization curve obtained on the basis of the Bohr distribution of 
ranges was calculated as follows. The equation y=e-“/@*/!q@ for the 
distribution of ranges about the mean was obtained theoretically by Bohr and 
experimentally verified by Irene Curie® and later by Briggs.® 

In this equation y is the fraction of the total number of particles per mm of 
range having a range differing by z millimeters from the mean. Irene Curie de- 
termined a/37.21 =0.0165 for air, and as Briggs showed in the article quoted, 
this must be multiplied by (1.18)!/? for mica, giving a,/37.21=0.0179. In the 
stopping power experiments a second mica sheet was interposed immediately 
above the source. Thus slightly more than one-tenth of the range of an 
e-particle before reaching the upper chamber was through air, but this 
could not change a; essentially since nearly all the straggling occurs in the 
mica. Hence a; =0.0179 X 37.21 =2/3 mm approximately, and the equation 
becomes 


y = 


But dJ/dR, the ionization per cm per sec. for a pencil of a-particles at 
some distance R from the most probable range, will be 


aJ/AR=NS 


where the proportionality constant S multiplied by the distance (R+z2) of 

the individual a-particle from the end of its range gives the rate of ionization 

dJ’/dR for this particle. N is the number of a-particles in the pencil. 
Integrating, this gives the expression 


dJ + | 


where J is the probability integral. The quantity (2/N.S)(dJ/dR) was plotted 
and a curve obtained agreeing closely with the end of an experimental 
Bragg ionization curve. Integrating this curve we obtain the curve in Fig. 2. 
The constant N.S/2 is determined by the condition that the integral to the 
end of the range from a definite abscissa must give the same total ionization 
as that obtained in the experimental curve. 


CALCULATION OF @ FROM THE IONIZATION CURVE AT THE 
END OF THE RANGE 


The end of the range for a Bragg curve gives a means of calculating @ in 
the equation 


This has been done for seven gases in the upper chamber, using curves ob- 
tained by Gibson and Gardiner. In these gases the a-particle had travelled 
through 1.71 cm of air (or slightly less) and then through about 2.0 equiva- 
lent cm of mica. 


5 Irene Curie, Ann. d. Physique (10) 3, 299 (1925). 
6 Briggs, Proc. Roy. Soc. London A114, 313 (1927). 
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The assumptions on which the deductions are based are that an individual 
a-particle has an ionization curve falling off linearly beyond the maximum; 
that straggling occurs according to equation (1) and finally that geometrical 
straggling, because of the form of the apparatus, may be neglected. This last 
point has been examined in detail. The second is in accord with both 
theory and experimental results. The first point is in keeping with the 
observed straightness of the ionization curve between the maximum and the 
point where an appreciable Bohr straggling would be expected to manifest 
itself. 

From the above we have the relationship 


dR 
and for R=0 we get 
(dJ/dR)r-o= NSa/2n''?. 
Also 


d 1 
(R+2) —e~(sle) dg 
= 2) 
_r aR 
For R=0 we have 


( ) = ws f e~(2/@) 
dR? / roo o mila 2 


( dJ/dR ) 
aug"! 
d?J/dR* / 


Thus a is simply the subtangent to the point on the curve corresponding 
to the end of the range, multiplied by 7'/*. The values obtained for the gases 
in the upper chamber plotted in Fig. 5 of the preceding paper are given in 
the following table. On the assumptions above stated they should all give 
the same value. 


Whence 


TABLE II 

Values of the straggling constants for various gases. 
Gas Subtangent ain mm 
0.31 0.549 
0.323 0.572 
A 0.37 0.645 
Ne 0.46 0.815 
Ne 0.422 0.747 
0.368 0.634 
He 0.473 0.835 


Average 0.685 


i 
| 
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The average value 0.685 is to be compared with Curie’s® value of 0.618 mm 
for air, and Brigg’s® value of 0.666 mm for mica. It should be closer to the 
true value for air than for mica. The method is quite different from the 
cloud track method of Curie and the magnetic method of Briggs, and gives 
a rapid method for determining the straggling constant @ with considerable 
accuracy for any gas placed in the lower chamber by simply obtaining ac- 
curately the ionization curve for the end of the range for some gas such as 
H; in the upper chamber. 


GEOMETRICAL STRAGGLING 


The geometrical structure of the apparatus is the source of an in- 
homogeneity of ranges which we have called “geometrical straggling.” This was 
the object of a detailed investigation, of which only the results will be given 
here. The geometrical straggling is small compared to the Bohr straggling 
and produces an average increase in the distance travelled by the a- 
particles of about 0.4 percent. The correction is too slight to interfere seri- 
ously with the determination of the straggling constant a from the end of the 
ionization curve, and affects the ranges in all gases by the same fractional 
amount so that it does not interfere with the conclusions drawn from the 
data obtained with this apparatus, in so far as relative values for the different 
gases are concerned. 


DEPARTMENT OF CHEMISTRY, 
UNIVERSITY OF CALIFORNIA, 
August, 1927. 
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THE L X-RAY ABSORPTION EDGES OF S$n(50) In(49) Cp(48) Ac(47) 
Pp(46) Ru(45) AND Rvu(44) 


By GeorGE D. VAN DyKE AND GEorGE A. LINDSAY 


ABSTRACT 


The L x-ray absorption edges of the elements Sn (50), In (49), Cd (48), Ag (47), 
Pd (46), Rh (45) and Ru (44) have been photographed and measured with a Siegbahn 
vacuum spectrograph of the precision type. The absorbing screens were made of the 
pure elements, since in this case the values of the energy levels obtained are admittedly 
more characteristic of the element than if chemical compounds were used as absorbers. 
Tables of wave-lengths of absorption edges and associated energy levels are given. 


HE purpose of this investigation was to photograph and measure the 

L absorption limits of the elements immediately below Sb (51) in the 
periodic table. Most of these limits had previously been only calculated 
either by extrapolation from the values for adjacent elements in the perio- 
dic table, or by combining the values for the K edge with those of emis- 
sion lines. The latter process gave somewhat unreliable values on account 
of the fact that a small error in \ for a K edge or line corresponds to a 
comparatively large error in v for the LZ edge. 

It has been known for some time that the position of the absorption edge 
depends upon the chemical combination of the element in a compound, 
and that the principal edge is usually accompanied by a series of absorption 
“lines” or fine structure on the short wave-length side. In view of this fact 
it was thought an investigation with the pure elements would give energy 
values more characteristic of the substance. 

A Siegbahn vacuum spectrograph of the precision type was used with a 
crystal-plate distance of 178.82 mm. The electron tube was evacuated by 
a double stage mercury diffusion pump described by Kurth.! This pump 
was backed by a double-stage General Electric oil pump which alone evacu- 
ated the camera. The high tension was supplied by a Thordarson 2.5 k.w., 
25,000 v transformer. The tube was self-rectifying. The filament was a 
spiral of tungsten wire about ten mils in diameter which was wound on a 
special form designed for the purpose. Molybdenum and copper anodes were 
used, while a calcite crystal, ground and polished by hand, reflected the rays, 
The x-ray plates used were made by the Eastman Kodak Company. The 
edges were measured on a Gaertner comparator reading to 0.001 mm. 

On account of the comparatively long wave-lengths in the region in- 
vestigated one of the greatest difficulties encountered was to secure absorbing 
screens of the proper thickness. The absorption of an element for its own 
characteristic radiation varies approximately as the inverse square of the 
atomic number. For the lighter elements, therefore, the screens must be 


1 Kurth, Science 54, p. 608 (1921). 
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very thin to allow any appreciable radiation to get through. Again, as one 
goes lower in the periodic table, there seems to be little doubt that the process 
which gives rise to the critical absorption is less marked, it being difficult 
or impossible, in some cases, to locate the edges even when the blackening 
on the plate indicates that considerable radiation has been transmitted by 
the screen. The L; edge of ruthenium could not be located satisfactorily 
although a large number of plates were carefully examined. 

The screens for most of the elements used were thin sheets rolled in a 
rolling machine. Tin, cadmium, and indium are very malleable. With suit- 
able care, cadmium and tin may be rolled to practically any thickness desired. 
Indium, being especially malleable and soft, presented unusual difficulties. 
Although it rolls into very thin sheets these can only with great difficulty be 
taken from the rollers without tearing them and thus rendering them unfit 
for absorbing screens. Finally the indium was rolled between two sheets 
of rough paper. Since ordinary paper is fairly transparent to wave-lengths 
in this region, very satisfactory screens were made in this manner. Palladium 
is a much harder metal than any of the three mentioned above and although 
it rolls out into thin sheets these are in most cases not at all uniform, but 
present to the eye a sieve-like appearance. Although a uniformly thin film 
would undoubtedly give a better edge, it was found that this uniformity 
was not at all necessary. Rhodium and ruthenium were secured in powdered 
form. They were pulverized as finely as possible by grinding in a mortar and 
then thoroughly mixed in collodion. This mixture was then poured out on 
a glass plate and allowed to dry. By tipping the plate and allowing the 
mixture to spread, films of varying thickness were easily secured. Screens 
of silver were rolled similar to those of the other metals. These gave excellent 
Li and Ly; edges. If one assumes that the chemical action of the light on 
the plate depends upon the absorption of light by, and consequent reduction 
of, the Ag* it is rather surprising to find intense blackening on the long wave- 
length side of the edge, this being a very transparent region for the Ag film 
of the plate. The metal screens varied in thickness from approximately 
0.004 to 0.01 m m. 

Although no quantitative measurements were taken, it appeared very 
probable that there exists an optimum thickness of the screen for each of the 
L edges individually. Screens which gave good L; edges were in most cases 
not satisfactory for Ly; and Ly. This is not at all conclusive, as there are 
so many variable factors entering in which make it difficult to separate the 
individual effects. Among these are: the time of exposure, the voltage, the 
tube current, and the sharpness of the focus of the cathode stream on the 
anode surface. 

The general law of absorption of x-rays is expressed in the form J = Jpe** 
where J, is the incident intensity and J is the intensity of the beam after 
having traversed a thickness x of the absorbing material. If the absorption 
coefficient yu is different on the two sides of an absorption edge we may write 
I, for the transmitted intensity just above the edge and J; = J e~*** 
for the corresponding intensity immediately below the edge. For the greatest 
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contrast on the photographic plate J,—J_, should be a maximum, i.e., 
d(I,—I:)=0. This corresponds to a thickness x = (log we—log 
As no data on the values of the absorption coefficients were available at the 
time of this investigation no systematic attempt was made to secure screens 
of this optimum thickness. Since, Allen? has published values of the mass 
absorption coefficients for two of the elements used, viz., Ag and Sn, which 
make possible a rather interesting calculation. From Allen’s data it is not 
possible to take values on opposite sides of the three L edges individually. 
However, by using his value of u/p=980 for Sn for a wave-length of 2.60A 
which lies just below the Z; limit, and 390 for a wave-length of 3.22A just 
above the Liz; limit for the same element, we arrive at a thickness of 0.0021 
mm for maximum contrast between these two points on the photographic 
plate. A similar calculation for Ag gives a value of 0.0011 mm. These values 
might be regarded as giving the right order of thickness for satisfactory 
absorbing screens for obtaining the L limits of these elements. To roll screens 
of this thickness would require a great deal of skill and care. 

All measurements on the edges were made with respect to standard 
emission lines using wave-lengths given in Siegbahn’s “Spectroscopy of 
X-Rays.”’ The lines from the copper anode and those from the tungsten 
which evaporated from the tungsten filament on to the anode, often fell in 
convenient places for reference. In other cases suitable lines. were secured 
by rubbing different materials on the anode. Often it was necessary to keep 
the voltage low to prevent emission lines of higher orders from obscuring 
the edges and in most cases it seemed advisable to keep the voltage so low 
that no appreciable amount of second order general radiation fell on the 
plate. 

In common with lines in this region most of the edges were diffuse. This 
no doubt was due in part to the rather wide slit width of 0.1 mm. Li of 
tin showed the sharpest discontinuity. The presence of the edges was un- 
mistakable, however, and all with the exception of L; of palladium were 
measured on the comparator. The L; edges were measured with the least 
certainty. The maximum error, certainly not more than 0.1 mm, in locating 
it, occurred with palladium where an error of this magnitude corresponds 
to 1.3 X.U. and to 0.1 unit in »/R. 

The time of exposure varied from 2.5 hours for the strong Ly: to as much 
as 8 hours for the weaker Ly; and L; edges. The average length of exposure 
was about 4 hours with a tube current of 20 milliamperes. In all the cal- 
culations, the value of d, the grating constant for calcite, was taken as 
3029.04 X.U. which is the accepted value for the spectrum of the first order 
from calcite. The values of the wave-lengths in x-units are given in Table I. 
These represent the averages from at least three plates in every case and in 
some cases as many as seven. Corresponding values of »/R and of (v/R)'? 
will also be found in Table I. The values of (v/R)'? are plotted against 
atomic number in Fig. 1. Considering the large scale used, the points lie 
remarkably close to the straight lines. The constancy of A(v/R)'/? for the 


? Allen, Phys. Rev. 28, p. 907 (1926). 
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TABLE I 


Values of the wave-length, of v/R, and of (v/R)*!? for the L absorption limits | 
of certain elements. 


Wave-length (X. U.) v/R (v/R)? 


Li Lit Liu Li Li Lin Li Lit Lin 
44Ru 4169,3 4360.4 218.57 208.99 14.78 14.16 | 
45Rh 3618.6 3934.0 4121.2 | 251.83 231.64 221.12 15.87 15.22 14.87 
46Pd 3420.6 3715.2 3900.5 | 266.41 245.28 233.63 16.32 15.66 15.28 | 
47Ag 3247.4 3506.7 3690.8 | 280.62 259.87 246.94 16.76 16.09 15.71 
48Cd 3077.3 3319.2 3496.3 | 296.13 274.55 260.64 17.21 16.57 16.15 it 
49 In 2919.4 3139.5 3315.5 | 312.14 290.26 274.85 17.67 17.04 16.58 i 
50 Sn 2769.6 2972.3 3149.3 | 329.03 306.59 289.36 18.14 17.51 17.01 


screening doublet (Z;—Li;) in the region investigated is very evident. Here | 
A(v/R) for the screening doublet is larger than that for the “relativity” | 
doublet, (Zy;-L111). At barium this situation is reversed, for elements higher 
than barium in the periodic table, A(v/R) for the “relativity” doublet is } 
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Fig. 1. Plot of the values of (v/R)"? for the Ly, Lyr and Lyz7 absorption limits 
as a function of atomic number. 


the greater. Energy level values for the elements investigated based upon 
the values obtained in this investigation are given in Table II. The values 
given in parentheses are regarded as of little significance, being well within 
the experimental error involved in these measurements. 


TABLE II 
Energy level values (v/R) 

Li In la M Mn Mut Miy My M Nu Nu,tv Ny On 
44 Ru —— 218.6 209.0 42.7 —— —— 20.9 20.5 5.6 .08) 
45 Rh 251.8 231.6 221.1 45.6 38.8 37.1 22.8 22.5 5.8 4.3 | .03) 
46 Pd 266.4 245.3 233.6 49.2 42.1 40.0 25.0 24.5 6.2 4.6 of .02) 
47 Ag 280.6 259.9 246.9 53.1 44.6 42.3 27.6 27.1 6.8 4.4 -6 a 
48 Cd 296.1 274.6 260.6 56.9 48.1 45.5 30.3 29.8 8.0 4.9 8 ot 
49In 312.1 290.3 274.8 61.0 51.7 48.9 33.4 32.7 9.1 5.7 1.5 1.2 (.0) 
50Sn 329.0 306.6 289.4 65.4 55.9 52.8 36.6 35.7 10.1 7.0 2.3 1.7 aan 
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| 
Fig. 2. Typical 


photographs of the 
L absorption edges. 


Since the completion of this work Coster and Mulder® 
have reported values for the L edges of all the elements 
here listed with the exception of Ly and Ly of tin and Ly 
of palladium. In some instances their absorbing screens 
were of the pure metal, but in a majority of cases the 
elements occurred in various compounds. There seems to 
be no systematic variation between their values and ours. 
Mulder used a gypsum crystal with a crystal-plate 
distance of 13.03 cm. Because of this smaller dispersion 
it is reasonable to suppose that the accuracy with the 
gypsum crystal in locating the edge should be some- 
what less than with calcite. In view of this fact it is 
safe to assume that the values agree within the experi- 
mental error, with the possible exception of the Ly edge 
of indium, the difference here being approximately 
11 X.U. 

Typical photographs obtained in this investigation 
are shown in Fig. 2. The only evidence of a fine structure 
was a white absorption line whose width was con- 
siderably greater than the width of the slit. This line 
occurred with varying intensity and width on a great 
many of the plates. On account of the relative faintness 
of the L edges in this region a detailed study of any fine 
structure, even if present, would be well-nigh impossible 
by this method. 


DEPARTMENT OF Puysics, 
UNIVERSITY OF MICHIGAN, 
July 1927. 


* Mulder, Doctor’s Dissertation, Groningen, 1927. 
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X-RAY SPECTRA OF LONG WAVE-LENGTH 
By T. H. Oscoop' 


ABSTRACT 


Method of obtaining x-ray spectra by reflection from a concave grating.—The 
paper describes a photographic method of obtaining x-ray spectra of long wave-length, 
based on the experimental fact that x-rays are totally reflected from a mirror (or 
grating) provided the angle of incidence is sufficiently large. Details are given of a 
vacuum spectrograph employing an x-ray tube as a source of radiation, in conjunction 
with a two-metre concave grating. About fifteen lines have been measured between 
40 and 200A. As it has not yet been possible to obtain a pure spectrum of any one 
element, the interpretation of these lines is a matter of considerable uncertainty. 
Nearly half of them appear to be due to strontium and barium deposited on the anti- 
cathode from the oxide coated filament of the x-ray tube. The method is applicable 
to all wave-lengths greater than about 20A. 


URING the last few years the unexplored region between x-ray spectra 

and optical spectra has grown rapidly smaller, yielding under optical 
methods on the one hand and under x-ray methods on the other. Millikan? 
and his collaborators have photographed spectra down to a wave-length of 
136A, while Siegbahn and Thoraeus* have extended the x-ray region up to 
27A. The gap separating these two limits has, until very recently, defied all 
investigation by direct spectroscopic means. Indirectly, characteristic line 
radiations have been detected‘ by their photo-electric effects. This method, 
however, is capable of no great accuracy in determining the positions of the 
lines, and can give, at the best, but vague information as to their intensity. 
The need for spectroscopic investigation of the soft x-ray region is therefore 
apparent. Previous experiments on shorter and on longer wave-lengths 
suggest that the gap might be filled up by a modification of the usual grating 
method or by an extension of the standard methods of x-ray spectrometry. 
Dauvillier,® in a recent paper, describes a successful application of the latter 
method by which he has obtained photographs of a few lines of oxygen, car- 
bon, boron and thorium between 20 and 125A. The present paper describes 
an investigation which employs a combination of the x-ray and optical 
methods; it covers the region 40 to 200A. 


THE REFRACTIVE INDEX OF X-RAYS 


According -to the Drude-Lorentz theory of dispersion, the refractive 
index yu, for a radiation of frequency v, of a substance containing n, electrons 
per unit volume, which have a natural frequency »,, is given by 


1 Commonwealth Fund Fellow. 
2 R. A. Millikan and I. S. Bowen, Phys. Rev. 23, 1 (1924). 
3 M. Siegbahn and R. Thoraeus, Jour. Opt. Soc. Amer. 13, 235 (1926); R. Thoraeus, Phil. 
Mag. 1, 312 (1926). 
4 The work on this subject is too extensive to refer to in detail. 
5 A. Dauvillier, Jour. de phys. et le rad. 8, 1 _ 
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where e and m have the usual significance. As far as x-rays are concerned, 
this may be written approximately as 


since v, is very small in comparison with v. Here x is the total number of 
electrons per unit volume. Since the right hand term is positive, u is less than 
unity. A beam of x-rays falling on a polished metal plate should therefore 
show the same behavior as a beam of light at a glass-air interface; at a 
certain critical angle total reflection should occur. Elementary optical con- 
siderations indicate that total reflection will take place when sin i=, where 
1 is the angle of incidence. For x-rays, however. yu differs from unity by only a 
very small amount; hence the relation may be more conveniently written 
cos 6=, where @ is the glancing angle; or 


sin [2(1—y) 


The experiments of A. H. Compton® in 1923 showed that these formulas 
could be used with considerable confidence, and that the total reflection of 
x-rays could be observed for wave-lengths as short as 1.28A. The agreement 
of the theory with experiment has also been confimred by other methods.’ 

This at once opens up the possibility of obtaining spectra by reflecting a 
beam of x-rays at a small glancing angle from an ordinary diffraction grating. 
The first suggestion of thus employing a grating (to give an absolute deter- 
mination of the wave-length of a beam of x-rays) seems to have come from 
Professor Puccianti® of the University of Pisa. On carrying out his idea, 
however, Carrara‘ obtained merely a totally reflected image, with no diffrac- 
tion pattern. A year later, and independently, A. H. Compton and Doan® 
obtained diffraction patterns (in three orders) from a speculum grating, of the 
Ka, line of molybdenum; from the measurement of their photographs a value 
for the wave-length was obtained in very good agreement with that found by 
the usual crystal methods. In these experiments the glancing angle was about 
10 minutes. 

Since sin @ is proportional to \, larger glancing angles can be employed 
for x-rays of longer wave-length. For @=10°, all radiations softer than 40A 
should be reflected from a speculum grating. Larger angles simplify the 
experimental procedure—except that everything has now to be done in a. 
vacuum. 


* A. H. Compton, Phil. Mag. 45, 1121 (1923). 
7 Larsson, Siegbahn and Waller, Naturwiss. 52, 1212 (1924); R. von Nardroff, Phys. Rev. 
24, 149 (1924); C. C. Hatley, Phys. Rev. 24, 486 (1924). 

8 N. Carrara, Il Nuovo Cimento 1, 107 (1924). 

*-A. H. Compton and R. L. Doan, Proc. Nat. Acad. Sci. 11, 598 (1925). Similar spectra 
have also been obtained by J. Thibaud, Comptes rendus, Jan., 1926. 
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THE SPECTROGRAPH AND ITS ADJUSTMENT 


Two concave gratings were used in this investigation; the first, of specu- 
lum metal with a ruled surface (8.4 cms by 5 cms) having 580 lines per mm, 
and a radius of curvature of 205.2 cms; the second, of glass, of the same size, 
but with 800 lines per mm, and a radius of curvature of 215 cms. The latter 
was used almost exclusively; plates taken with the speculum grating were 
almost invariably fogged, and never showed more than two or three spectral 
lines. With the glass grating the photographs were comparatively clean. 
Though the mounting was of the standard Rowland type, the angle of inci- 
dence was so large that the problem of housing a two-metre grating in a 
vacuum was less formidable than appears at first sight. Fig. 1 illustrates the 
essential features of the spectrograph. The grating G and plate-holder 
P were mounted on a heavy steel base-plate A, 102 cms long, which was 
rigidly attached to a circular brass plate B, 1 cm thick and 24.5 cms in @ 
diameter. This slid into the brass tube C, 103 cms long and 20.4 cms inside 
diameter, the plate B thus forming a cover plate for one end of C. In order 
that the joint between A and B might be subject to no undue strain the base- 
plate was arranged to rest on the walls of C. The slit S was mounted in a wide 


Fig. 1. The vacuum spectrograph. 


brass ring fitting snugly inside the projecting tube D, to which a small metal 
x-ray tube was bolted. A second tube D, was provided so that by using one 
or the other, the glancing angle could be varied from 10° to as near 0° as 
might be required. The junctions between the end-plates and C were made 
vacuum tight by gaskets of sulphur-free rubber, 3 mms thick, and drawn 
together by twelve bolts. The alternative slit-tube D; was sealed in the same 
way. 

In Fig. 1 the dotted arc is part of the circle of reference for the Rowland 
mounting. It passes through the slit S, and is tangential to the grating at its 
mid-point. Such an arc was scratched on the base-plate by an accurate beam 
compass, and the plate holder screwed down so that the surface of the plate 
would lie along the circle. This could be done with no greater error than 
0.2 or 0.3 mm. By means of an electrical control, not shown in the diagram, 
the plate in its carriage could be raised while an experiment was in progress, 
enabling three exposures to be made without breaking the vacuum. The 
grating mounting had to be screwed down only in approximately the correct 
position, as it was provided with several independent adjusting screws. 
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Since any filter placed in the path of the radiation to prevent fogging of 
the photographic plate by scattered light from the filament would also absorb 
the soft x-rays just as effectively,'® the tube was operated to give a minimum 
of light. This was accomplished by using a low-temperature oxide-coated 
filament, and by setting the face of the anticathode so that it did not reflect 
light directly on to the slit. Both the tube and anticathode were water- 
cooled. In operating the tube it was found convenient to earth the filament 
and the tube, applying the high potential to the anticathode, which thus 
received all, instead of a fraction of the electrons from the filament. 

The source of high potential was a half-kilowatt Thordarson wireless 
transformer providing an alternating p.d. of about 5000 volts. The current 
through the tube was generally 25 m.a. 

A pressure of less than 0.0002 mm was maintained in the spectrograph by 
a set of three condensation pumps in series, backed by a water aspirator; 
the x-ray tube, which communicated with the body of the spectrograph only 
by the slit S, was provided with a separate pump backed by the same aspira- 
tor. The pressure in the x-ray tube, though not measured, was certainly much 
less than in the rest of the apparatus. 

One of the greatest difficulties encountered was that the coating of the 
filament was very soon destroyed. Some of this deposited on the cold 
anticathode, which also became blackened, due apparently to the destruction 
of residual gases and vapors in the tube. This meant that any spectrum 
obtained could not be ascribed to the substance of the anticathode alone; its 
interpretation was therefore difficult. Dauvillier® mentions the same effect. 

The procedure in adjusting the instrument was as follows: A vertical 
scratch was made on the mask of the plate-holder at 7. The grating mounting 
was then bolted to the base plate A with the center of the grating approxi- 
mately equidistant from the slit and from 7; by adjusting the grating, the 
reflected image of the slit, illuminated by a mercury arc, was brought to a 
focus at T. 

Wave-lengths were computed directly from the constants of the 
apparatus, as the only reference line on each plate was the direct image of the 
slit at T. From the distance of any other line from this image, the corres- 
ponding angle of diffraction could be calculated, knowing the radius of the 
circle of reference and the distance ST. Thence the unknown wave-length 
follows easily from the relation \=e (Sin i—Sin @) where i and ¢ are the 
angles of incidence and diffraction, and e is the grating space. Higher orders 
of spectra were obtained only on one or two plates; with a grating used at 
such a large angle of incidence, the dispersion is, of course, far from normal; 
it varied from about 1A per mm at 50A to nearly 2A per mm at 200A. 
Schumann films on thick celluloid, made by Adam Hilger, Ltd., were used, 
and proved very satisfactory, being very slightly sensitive to the yellow 
light from the low-temperature filament. Computations from different 
films taken under apparently identical conditions (the only change being the 


10 J. J. Thomson, Phil. Mag. 49, 761 (1925). See also, R. Thoraeus, Nature, Nov. 27, 1926; 
and A. Dauvillier, Ref. 5. 
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readjustment of the instrument) showed discrepancies up to about 3 percent. 
Where several measurements have been made, the error of the average should 
be much less. The whole investigation up to the present has been designed 
to give general information as to the character of soft x-ray spectra, rather 
than to determine wave-lengths with precision. For exact measurements it 
would be necessary to determine a few wave-lengths with considerable 
accuracy—by means of a plane grating —and to measure films from such lines 
as standards. 


RESULTS OF THE EXPERIMENTS 


It will be convenient first to make a few remarks about the spectrograms 
which are reproduced in Fig. 2. No great significance can be attached to the 
relative times of exposure. which are stated alongside each photograph, for 
other factors, such as the pressure in the tube and the condition of the 
anti-cathode seemed to influence the production of lines to an equal extent. 
In general, the spectrum obtained was independent of the substance of the 
anticathode, and was therefore ascribed to impurities in the tube. The car- 
bon K line at 44A appeared on practically every photograph, though in 
varying intensity; the Z lines of carbon, oxygen and nitrogen fall at longer 
wave-lengths than were covered by the plate; the K lines of nitrogen and 


3% hrs 


Fig. 2. Typical spectrograms with Al and C anticathodes. Glancing angle 9° 30’, glass grating, 
one-third actual size. 


oxygen were not recorded when the grating was set at an angle small enough 
to allow them to be reflected. There remain, therefore, as possible sources 
of the line radiations, barium, strontium and nickel from the coating of the 
filament, deposited on the cold anticathode, and the substance of the 
anticathode itself. No absorption edges would have been photographed. 

Plate I, where carbon and aluminium were in turn the anticathode 
substances, shows four strong lines in the carbon spectrogram; two of these, 
at 107 and 160A, clearly extend over the aluminium spectrum; the others, 
at 44 and 87A, do not appear to do so, though they were easily visible on the 
original film. The most curious feature of the aluminium spectrum is a 
continuous band, with a sharp limit at 166A, shading off towards longer 
wave-lengths. It appears to be not without structure, though no definite 
assertion can be made on this point until further experiments have been 
carried out. 

In Table I are listed all the lines which have been measured in these 
experiments; no lines of doubtful existence have been included. Care has 
been taken to exclude second-order lines, which were occasionally obtained, 
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especially with the speculum grating. The strong line previously referred to 
at 160A is a doublet. Little seems to be gained by measuring exactly the 
relative intensities of the lines, since the values depend so much on the nature 
of the anticathode; they have therefore been designated approximately 
as strong, moderate or faint. The assignment of lines to transitions between 
particular atomic levels is a matter of considerable uncertainty, since at least 
half of them appear to be due to strontium and barium, of the low energy 


TABLE I 
List of lines observed. 


Volts v/R (v/R)'?2 Ascribed to 


w 


—-K 
— Miy.v 
— Miv.v 
— Miv.v 

Niv.v 


? 
? 
> 
? 


Nx — Miri 
Ny — 
Nr — 


Al band. 


5 
2 
6 
3 
3 
7 
7 
5 
5 
2 
1 
1 
1 
1 
2 


levels of which very little accurate information is available. Thoraeus" 
has, however, recently published a table of energy values of the elements 
chromium (24) to bromine (35), which can be extrapolated with some 
confidence up to strontium (38). The transitions given in the last column 
of the table are therefore little better than probable guesses, except in the 
case of the first line (carbon K) and the last three which are definitely 
ascribable to the elements zinc, copper and iron. They are consistent with the 
values for the Myr, 111 levels given by Thoraeus except in the case of iron, 
where the measured line was a v/R value of 4.24 as compared with the value 
4.17 for the level itself. For these elements the NV level has an energy of only 
a few volts. The continuous band shown in the spectrogram of aluminium 
is difficult to account for; the experiments give no clue as to its origin. It may 
be that its occurrence depends on the presence of a film of oxide on the 
aluminium tayget. 

The data set forth in Table I are so fragmentary, and their interpretation 
so uncertain, that there seems to be no advantage in discussing them further; 
nor does it appear worth while to state in detail the correspondences which 


1 R. Thoraeus, Phil. Mag. 2, 1007 (1926); see also E. C. Stoner, Phil. Mag. 2, 97 (1926). 
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have been found to exist between the energies, of some of the measured line 
and published values of critical potentials, determined by photoelectric 
methods, for these show none too good agreement among themselves. The 
value of these experiments, admittedly of a preliminary character, lies in the 
fact that they have opened up a simple method of studying x-ray spectra of 
long wave-length. 

I wish to thank my friends in the Ryerson Physical Laboratory for the 
inte:est they have taken in the work; and especially Professor A. H. Comp- 
ton, at whose suggestion the problem was undertaken. 

RYERSON PuysicaL LABORATORY, 


UNIVERSITY OF CHICAGO, 
August 1 1927. 
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THE SPECTRA OF TIN AND THEIR ZEEMAN EFFECTS 


By J. B. GREEN* AND R. A. LorinG 


ABSTRACT 


Analysis of the spectra of Sn, Sn I, Sn II, Sn III.—(1) Zeeman effects of the lines 
of the tin spectrum have enabled the authors to classify the spectra of tin in the 
neutral state and in two stages of ionization. (2) The spectrum of neutral tin has 5 low 
levels, *Poi2, ‘D2’, 'So’, due to the configuration 5252. The configuration 526, yields 
3P 2’ and 'P,’. The configuration 5:53 yields twelve terms of which the four lowest 
are definitely established. Pauli’s g-sum rule is found to be valid. The ionization 
potential of SnI is calculated as 7.37 + .05 volts and the resonance potential 4.30 volts. 
(3) The spectrum of Sn II is a doublet spectrum like In I and the principal doublet 
separation found from some results of Lang is found to be 4253 cm. Several series are 
noted, including lines due to abnormal states, the electrons having the configuration 
51 52 5,. The ionization potential is computed as approximately 14.5 volts and the 
resonance potential 6.5 volts. (4) The spectrum of Sn III consists of singlets and triplets, 
like that of Cd I. Several series are noted, and the ionization potential calculated as 
about 30 volts, and the resonance potential as 6.81 volts. A very strong group in the 
extreme ultra-violet is classified as a pp’ group. (5) Application of the regular doublet 
law leads to possible classifications in the spectra of In II, and Ge IT. 


I. INTRODUCTION 


HE spectrum of tin has been the subject of a number of investigations, 

and while regularities have been known in the spectrum of neutral tin, 
Sn I, for some time, very little work has been done on the spark spectrum. 
Lockyer! and others have recorded the “enhanced” lines of tin, and more 
recently, Kimura and Nakamura? have separated the lines of the spark 
spectrum into three classes corresponding to the spectra of tin in various 
stages of ionization, Sn II, Sn III, and Sn IV, by noting the position of 
appearance of the lines with reference to the electrodes in different types of 
sparks. Lang,’ in an investigation in the extreme ultra-violet has succeeded 
in classifying the principal lines of Sn IV (similar to the arc spectrum of Ag), 
and has succeeded in showing that the energy relations involved satisfy the 
regular and irregular doublet laws. 

The authors, while working on the Zeeman effect of the arc spectrum of 
tin, succeeded in getting experimental conditions just right so that the source 
was quite rich in spark lines, and in this way were enabled to classify several 
k groups of lines in Sn II and Sn III. The preliminary results of the work have 
been reported. Through the kindness of Dr. R. J. Lang of the University of 
Alberta, these classifications were extended to the ultra-violet, and we have 


* National Research Fellow. 
1 Lockyer, Solar Physics Committee, 1906. 

? Kimura and Nakumura, Jap. Journ. Phys. 3, 29 (1924); 3, 197 (1924). 

3 Lang, Proc. Nat. Acad. Sci. 13, 341 (1927). ; 

4 Green and Loring, Proc. Nat. Acad. Sci. 13, 347 (1927); 13, 492 (1927). 


574 


q 
4 

/ 


SPECTRA OF TIN; ZEEMAN EFFECTS 575 


since succeeded in classifying all but a very few of the strong lines in this 
region and in the ordinary photographic region. 


II. THE SPECTRUM OF SN I 


(a) General remarks. The arc spectrum of tin contains very few lines in 
the visible region, but is remarkably rich in lines in the ultra-violet. Kayser® 
succeeded in finding several constant-frequency differences in the spectrum. 
Zumstein® succeeded in extending these investigations into the Schumann 
region and classified the lines according to their absorption. McLennan, 
Young, and McLay’ attempted to classify the lines into series, but, un- 
fortunately, their conclusions were based on the assumption of six low levels 
in the spectrum. 

(b) Theoretical considerations. The tin atom, according to the usual ideas, 
has four outer electrons, two in 5, orbits, forming a closed shell, and two in 
52 orbits. According to Hund’s® theory, then, the lowest levels, correspond- 
ing to the configuration 5:52, should be *Poi2, 'De’, 'So’. If one of the electrons 
remains in a 52 orbit, while the other goes to other orbits, we get the ordinary 
spectrum of neutral tin. So, the configuration 526;, 5271, etc. gives us *Poi2’ 
and 'P,’ of which the levels *Po,’ converge to the limit *P; of Sn II and *P,’ 
and 'P,;’ converge to ?P2 of Sn II. 5253, 5263, etc. gives us *Fo34’, 9D) 103, 
1F3’,1Ds, and 'P,’ of which *F23’ and *D,. converge to ?P, and all the others to 
2P.. Both of these configurations can combine with the normal configuration. 
There is another configuration which has a high energy value, namely, 56e, 
with the levels *Dj23’, *Poi2, *Si’, De’, Pi, \So’.. This cannot combine with 
the normal configuration, but may combine with 526. 

(c) Regularities. Sponer® and Zumstein® have shown conclusively that 
most of the arc lines of tin can be arranged as combinations between one 
unknown energy term and one of five other energy terms. From the arrange- 
ment of these five terms there can be little doubt but that they are in order 
and 'So’as predicted by Hund’s theory. Of the next lower terms, 
if we examine Zumstein’s table, we find three that are separated considerably 
from the others. The inner quantum numbers of these are, in order, 1, 2, and 
1. We see that if there were a still lower level of inner quantum number 0, 
we should have just the set of levels corresponding to the configuratiori 526,. 
There is a strong absorption line, \3034, which, if given the assignment 
3P,—3P,’ will fit into the scheme very nicely and thus complete the second 
set of low levels. This assignment is checked by Zeeman effect. 

Of the next set of levels, corresponding to 525; we can be sure of only 
the lower levels. In Zumstein’s list the four inner quantum numbers are in 
order, 2, 2, 1,3. Now *F23’ and *Dj: are the next set of levels required by the 
theory. There can be no question about *D, and *F;, but the other two levels, 


5 Kayser, Hand. d. Spektr., Vol. 6. 

* Zumstein, Phys. Rev. 27, 150 (1926). 
7 McLennan, McLay, and Young, Trans. Roy. Soc. Can. 18, 57 (1924). 
8 Hund, Zeits. f. Physik 33, 345 (1925); 34, 296 (1925). 

® Sponer, Zeits. f. Physik 32, 19 (1925). 
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each with inner quantum number 2, are interchangeable as to interpretation. 
The Zeeman effect seems to choose the lower level as *D2 and the higher as 
3F,’ although this is the opposite of what we should ordinarily expect. 


TABLE IA 
Principal series, 3s°Po\’ —mpb®P 3s°Po’ = 25049; 3s*P,’ = 24775. 
m r, v, Int. r, v, Int. (mp*P/R)'! 
2 — 3009 .138 (6R) — 3034.16 (6R) 57998 , 1.375 
— 33222 .46 (273.5) —32948 .96 
(1691.8) 
2863 .320 (6R) 59690 1.355 
—34914.29 
3 11457 .3 (60) 11827 .2 (40) 
8726.0 (272.6) 8453.4 16323 , 2.592 
(1025 .3) 
12982 .9 (50)? 
7700.7 17074, 2.535 
4 6068 .94 (8h) 6171.49 (4) 
16472 .8 (273.7) 16199 .1 8576 | 3.577 
(543.0) 
6275.78 (2)? 
15929 .8 8845 3.521 
4 TABLE IB 
Principal Series 3s*Po,'—mp'*D,' 
m A, v, and Intensity mp*D,’ (mp*D,'/R)'!? 
3 11618 .0 (65) 11990 16437 2.583 
8605 .4 (276 .4) 8338 .0 
+ 6203 .62 (3) 6310.83 8934 3.504 
16115 (273.8) 15841 .4 
TABLE II 
Sharp series (2p*Po2, 2p'D 2’, 2p'So’) —ms*P,' 
m Int. SP,’ 
2863 .320 (6R) 34914 .29 
3009 . 138 (6R) 33222 .46 . 
3 3175 .039 (5R) 31486.51 24776 2.104 
3801 .031 (4R) 26301 
5631.69 (5) 17751.7 
2072.86 (6R) 48226.9 
2148 .44 (3R) 46530.6 
4 2231.68 (4R) 44795 .3 11463 3.093 
2523 .912 (3R) 39609 .13 
3218 .690 (3) 31059 .60 
1885.8 (R) 53028 
1947 .6 (1R) 51329 
5 2015.75 (2R) 49593 .3 6662 4.057 
2251.12 (4R) 44408 .9 
2787 .936 (4R) 35858 .26 
1808.8 (R) 55285 
1865 .6 (R) 53602 
6(?) 4405 4.990 
2141.34 (2R) 46684 .9 


2621.7 38132 
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The frequency difference between the lines 3034 and 3009, namely, 
273.5, occurs several times in the red and infra-red. The unknown levels 
involved in such a combination must have the inner quantum number 1, 
since they combine with the inner quantum numbers 0 and 1. We think 
that these are possibly the levels *P; and *D,’ of the configuration 526s etc., 
since these are the only terms of inner quantum number 1 converging toward 
the lower limit. 

(d) Possible series relations. Four levels comprising nineteen lines, may 
be arranged into a series. This is a sharp series of the type (2p*Poi2, 2p'D2", 
2p'So’) —ms*P,’ (see Table II). The value of the term 2*Po, the lowest 
level of tin, is then computed approximately as 59690 cm~!. If we use this 
as the limit, we can also arrange the possible series of diffuse type, (2p*Poi, 
2p'D,’, 2p'So’) —mad*D,, and (2p*P2, 2p'D.') (see Tables III and 
IV). 


TABLE III 
Diffuse series (2p®Po2, 2p'D2', 2p'So’) —md®D, 
m Int. v md*D, (md*D,/R)!/? 
2246.02 (6R) 44509 .7 
2334 .799 (SR) 42817 .09 
3 2433 .473 (2) 41081 .01 15181 2.688 
2785 .027 (3R) 35896 .15 
3655.78 (3) 27345.5 
1941.81 (1) 51482.2 
2007 .90 (2R) 49787 .2 
4 2080.51 (2R) 48049 .7 8212 3.655 
2913 .542 (2R) 34312.47 
5 
1778.0 (R) 56243 
6 3446 5.642 
2098 .77 (1R) 47631.8 
2558 .056 (4r) 39080 .47 
7 1860.3 (R) 53755 2507 6.615 
2058.28 (2R) 48569.0 
2497 .724 (2) 40024 .39 
TABLE IV 
Diffuse series (2p*P2, 2p'D.') —md*F;' 
m Int. (md? F;'/R)*/2 
3 2429 .490 (6R) 41148.41 15114 2.695 
2779 .814 (4R) 35963 .03 
4 2068 .47 (4R) 48329 .3 7933 3.718 
2317.21 (6R) 43142.1 
5 1951.54 (3R) 51224.8 5037 4.665 
2171.21 (3R) 46042 .2 
6 1891.1 (R) 52879 3383 5.696 
2096.19 (4R) 47690 .4 


/ 
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The difference between the two limits to which the various terms con- 
verge, namely, *P;—*Pz2 of Sn II, is 4252, as will be shown later. Using this 
value, we can find second members of the series of the various terms in the 
first four configurations of Sn I. The assignments are indicated in Table V. 


TABLE V 
The spectrum of Sn I. 


sy 


2p'Po 2p'P2 2p'D.’ 2p'So’ Term  Classi- 
59690 (1692) 57998 (1735.9) 56262 (5158.5) 51077 (8549.5) 42527 Value fication 
Z 55 + 
vy 32949 25049 
34914 33222- 31487 26301 17752 24775 3s%P,’ 
36937 35201 v 30016 21061 
39257 v 37565 35830< 30644 22095 20433 3s'P,’ 
41991 40255 35069 16007 3d°D, 
42453 ~ 40717 35531 15545 
744510 y 42817 v 41081 35896 ¥27346 15181 3d°D, 
~41148- 35963 15114 3d3F;' 
45455 43719 ~38533 12544 3d'D,2. 
44060 38875 12202 
48227 46531 44795 39609 v31060 11467. 4s%P,’. 
48983 47289 45556 31819 10706 ' 3d3P,'?- 
47795, 40193 
46467 41281 9795 3d'F;’ 
50127 48435 46700 wv 41513 v32963 9562 3d'P,’ 
49314 47585 42398 8677 4d°D, 
49469 47736 yes 8527 4d°F,’ 
51482 49787 48050 v 34312 8212 4d°D, - 
. 48329 «43142 7933 
50726 48991 + 43803 7271 ~4s°P,' 
52713 51014 44094 35544 6984 
53028 51329 49593 44409 35858 6669 
51945 50206 6056 
50403 45214 5860 
51225 46042 5037 Sd°F;’ 
55078 53382 “37911 4617 
53444 46525 37974 4554 
55157 51734 46544 4528 
51842 38105 4420 
55285 53602 46685 38132 4393 
53932 38459 4065 
55688 53996 52268 47075 3994 
52320 47127 3942 4d3P,’? 
55803 47188 3890 4d°P,’? 
56243 47632 \ 39080 3446 6d5D, 
52879 47690 3383 6d°F;’ 
56389 47777 3300 4d'P,’? 
: 54852 53115 47933 3147 
53152 47965 3110 
55414 53674 - 48495 2588 
53755 48569 40024 2507 
55457? 53726 48539 2536 
48670 y40121 2407 
56167 54425 1837 
56202 49280 1797 
56408 54672 1590 
56702 54966 1296 


(e) The Zeeman effect. The Zeeman patterns previously reported have 
been more carefully measured and corrected for a mistake in scale. Addi- 
tional lines have been measured and the:results are given in Table VI. It 


will be noted that the g-values determined from these lines are different from 
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the theoretical values. Pauli!” has shown that, although the g-values for 
individual terms are not the theoretical values, the sum of the g-values for 
all terms of the same inner quantum number of a particular configuration is 
the same as the sum of the theoretical g-values. 

Goudsmit and Back" have calculated the g-values for the terms on the 
basis of three different kinds of coupling between the two outer electrons: 


A! { (siti) (Sale) } = 
B ¢ [ {(sils)se} I,] = { le} =j 
g¢ |) [{ (sits) le} so] = { =j 


TABLE VI 
The Zeeman effect in the spectrum of SnI. 


Zeeman pattern 


not resolved, but j: 


1.00 obs. 
(0) (.025) (.050) .975 1.000 1.025 1.050 1.075 calc. 
not measureable. Appeares as single line. 


1.01 (0) 1.24 obs. 
1.125 (0) 1.125 calc. 


(0) 1.46 shaded out from center 
(0) (.19) (.38) .86 1.05 1.24 1.43 1.62 


(.38) 1.15 1.50 
(.38) 1.14 1.51 


(0) 1.51 
(0) 1.51 


an 


(0) 1.30 
(0) (.12) (.23) .935 1.05 1.17 1.28 1.39 
(0) 1.39 


(0) 1.09 : 
(0) (.08) (.16) 1.05 1.13 1.21 


tn 


(0) 1.50 
(.05) (.10) 1.42 1.47 1.52 1.57 


(.30) .94 
(.19) (.38) .67 .86 1.05 1.24 


(0) 1.38 
(0) 1,38 


(.12) 1.44 outside components resolved but not measureable 
(.12) 1.38 1.50 


1° Pauli, Zeits. f. Physik. 16, p. 155, (1923). 
" Goudsmit and Back, Zeits. f. Physik 40, 530 (1926). 


Cale. g. 
on 2334 
2422 1.05 
1.025 
2429 
2785 
2863 0/0: 
1.38 
2913 0/0 
‘845 
1.50 
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TABLE VI (continued) 
The Zeeman effect in the spectrum of SnI 


Zeeman pattern 


(0) 1.055 
(0) 1.055 
(O) 1.51 
(0) 1.51 


(0) 1.22 
(0) 1.22 


(0) 1.50 
(0) (.07) 1.38 1.45 1.53 


(0) 1.32 very unsymmetrical 
(0) 1.32 


(0) 1.01 
(0) (.07) .97 1.04 1.12 


(.44) (.89) .59 1.07 1.51 1. 
(.45). (.90) .60 1.06 1.51 


(0) .64 
(0) .64 


(0)'(.34) .715 1.06 
(0) (.34) .715 1.06 


1.40 
1.40 
(O) 1.115 
(O) 1.115 


(0) 1.38 
(0) 1.38 


TABLE VII 
The g-values of SnI. 


3/2 
1/2 


580 
| 3032 0/0 
1.055 
ii 3034 0/0 
1.51 
3141 a 0/0 
1.22 
it 
af 3219 0/0 
1.32 
i 3262 1.045 
if 1.12 
4 3331 96 1.055 
4 96 1.505 
| 
3656 0/0 
64 
3801 1.055 
1.395 
i 4525 0/0 
1.115 
5632 0/0 
q 1.38 
“4 
| 
' j Config. Term Theor. g Obs. g A B Cc 
0/0 0/0 0/0 0/0 0/0 
tj 1D,’ 1 1.05) 1.33 1.42 1.43 
i | 2.50 jast 
5252 3/2 1.46 1.17 1.08 1.07 
3/2 1.50 1.50 1.50 
us 3Po 0/0 0/0 0/0 0/0 0/0 
4 4.02 
1p,’ 1.121— 1.17 1.17 1.17 
3/2 2.50 1.512 2.504 1.50 1.50 1.50 
5261 3P,’ 3/2—| 1.383—! 1.33 1.33 1.33 
4 3P,’ 0/0 0/0 0/0 0/0 0/0 
4 4.016 
2/3 1.13 1.211 1.055 1.300 
1/2 “64 "833 "833 "833 
5253 13/12 1.16 1.111 1.111 1.111 
4/3}3.416 1.24 }3.425 
IF; 1 1.025 
5271 sp,’ 1.32 1.33 1.33 1.33 
526: 845 .833 .833 .833 
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where the s and / are given the usual meaning of impulse quantum numbers 
of the electron spin and of the orbit. The theoretical g-value is obtained from 
the coupling 


A is the Russell and Saunders” scheme. It may be seen from Table VII that 
the g-sum rule is satisfied within the limit of error of the observations, and 
in the two cases where second members of the series could be measured the 
g-values tend toward the calculated value. 

(f) Stark effect. The effect of intense electric fields on the spectrum of 
tin was studied by means of an apparatus similar to that of Anderson,” 
and another similar to that of Fujioka," and in fields up toabout 30,000 volts 
per cm. no effect on any of the lines was observed. 

(g) Conclusions. The ionization potential of Sn I calculated from the 
value of the 2*P, term is 7.37 +.05 volts and the resonance potential com- 
puted from the resonance line 2863 is 4.30 volts. Unfortunately, no accurate 
measurements have been made on the ionization and resonance potentials 
of the group of elements to which tin belongs. 


THE SPECTRUM oF SN II 


(a) General remarks. According to the Kossel-Sommerfeld displacement 
law, the spectra of the ionized elements of this column should be doublet 
spectra like those of the earths, and their lowest terms should be P terms. 
This has been verified for the cases of C II (by Bowen)," Si II (by Fowler),'® 
and Pb II (by Gieseler).!’ 

A strong pair of lines in the spark spectrum of tin were suspected of 
being the first member of the principal series and this classification was later 
verified by the Zeeman effect. The frequency difference, 884, between these 
two lines was then looked for through the region of the yellow and green, 
but was not found. However, a weak line, 5597, found on our plates and 
having the Zeeman pattern ?P.?D2, when taken in combination with the 
strong line 5333, gave us the required difference and established a complete 
2P?D multiplet. No other examples of Avy = 884 have yet been found. Starting 
then with the D difference as determined assearch was made in the extreme 
ultra-violet for the diffuse series. All the wave-lengths below 2000A listed 
_ in these tables are taken from data supplied to us by Dr. R. J. Lang. 

(b) The series system. In attempting to determine the important lines 
of the spectrum of Sn II, it was necessary to get some idea of the magnitude of 
the doublet separation of the lowest ?P levels. If we try to extrapolate from 
the second ?P difference, 884, which is about three times the second difference 
for indium, we should expect that the first *P difference would be about 


® Russell and Saunders, Astrophys. Journ. 61, 38 (1925). 

18 Anderson, Astrophys. Journ. 46, 104 (1917). 

4 Fujioka, Sci. Pap. Inst. Phys. Chem. Res., Tokyo, No. 68, 1926. 
% Bowen, Phys. Rev. 29, 231 (1927). 

1° Fowler, Trans. Roy. Soc. Lon., A225, 1 (1925). 

1 Geiseler, Zeits. f. Physik 42, 265 (1927). 


ee 


J. B. GREEN AND R. A. LORING 


TABLE VIII 
Doublet system of Sn IT. 
Sharp series 5*Pj,—m?S, 5%P2=113451 5*P,=117704 
i m h, », Int. A, v, Int. (m?2S,/R)'!2 
if 6 1900.05 (25) 1758.00 (20) 60821 2.686 
52630 (4253) 56883 
if 7 1243.00 (105) 1180.67 (10) 33000 - 3.646 
q 80451 (4247) 84698 
8 1073.45 (15)? 20293? 4.650? 
93158 
if Principal series 6S; =60821 
m d, » m*P 
Mi 6 6844.05 6453.36 46213 3.081 
14607 .7 (883.6) 15491 .5 45329 3.111 
7 2789 323 2761. 784 24980 4.191 
35840015 (357.4) 36197 .82 24623 4.221 
First diffuse series 5%P,=113451 5%P,=117704 
m Int. r, Int. (m*D23/R)'!? 
5 1489.22 (20) 1400.50 (50) 46301 - 3.078 
is 67149 (4254) 71403 
(644) 
1475.08 (50) 45658 3.100 
67793 


1162.98 (5) 1108.22 (4) 27467 3.997 
85986 (4249) 90235 
4 bi 85985 calc. 90238 calc. 

a (101) 
a 1161.62 (20)* 27360 4.005 
86087 344 


86094 calc. 


Second diffuse series 6*?P?=45329 6P; = 46213 
Ay A, (m*D23/R)'!* 


5596.91 5333.10 27467 3.997 
17862 .7 (883.6) 18746 .3 

(109.1). 

5562.96 27360 4.005 
17971.8 


3639.0 17857? 4.956? 
27472? 


Fundamental series 57D23—m*?F 52D;=45658 5?D.,=46301 : 
m r, m? F (m? 
4+ 5799.58 5589 .32 28416 3.93 
17237 .8 (648 .5) 17886 .3 
17242 calc. 17885 calc. 
5 3624. 3 18056 4.93 
27581 (660) 28244 
27602 calc. 28245 calc. 


* This line appears too strong for this combination, but it is used again as the combination 
5*Po—6°S; of Sn III, which should have the wave number 86083. The average of this and the 
calculated value of 5?P,—6*D;, 86094, is 86088, which agrees well with observation. 
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6600. This difference is much too large, however. An examination of the 
strong lines in the extreme ultra-violet region reveals the fact that the 
difference 4253 occurs a number of times. It was assumed that this was the 
first ?P difference. Further evidence in support of this assumption is found 
in the spectrum of Sn I. If we take the difference between the average of 
ands *P,’, and the average of s*P.’ and s'P,’, of the configuration 
526:, i.e. between the two terms converging toward the lower limit and the 
two terms converging toward the upper limit, we get 4166. If we repeat the 
process for the configuration 5253, we get about 4300. It is seen that both of 
these values lie close to the assumed difference 4253. A similar result was 
found by Gieseler!’ in the case of lead. 

Table VIII gives our classification of the lines of the ordinary spectrum 
of Sn II. It may be seen that the 7D terms are not inverted as in the case 
of Pb II. 

(c) Combination series. In addition to these lines, there are several liens 
which cannot be assigned to the usual series. There are two well-known 
pairs in the ultra-violet with Avy=626, and this same frequency difference 
occurs in the extreme ultra-violet in connection with the difference 4253. 
The terms involved must therefore be of 7D type since they combine with ?F 
and *P. They correspond to the x-terms found by Fowler’ in Si II. 

_ In the ordiriary series of SnII, the outer electrons are supposed to have the 
configuration 55:52 in the normal state, and in the excited states the 5, 


electron is in outer orbits while the two 5, electrons remain fixed. If, how- 
ever, one of these electrons is excited, so that we have the configuration 
515252, we should expect, according to Hund’s theory, the terms ‘P23’, 
2Do3, 2Si, *Pi2’. The terms mentioned above are very likely those due to the 
2Deo3 of this configuration. Table IX shows the combinations between these 
terms and other known ones. 


TABLE IX 
p?D.=58863_ Combination: 5?P 


m x, », Int. A, v, Int. v, Int. A, », Int. 


4 3352.33 (20) 3283 .46 (20) 28416* 3.93 1831.88 (12) 1699 .50 (10) 
29821.5 (625.4) 30446 .9 54589 (4252) 58841 


5 2449.8 (2u) (1u) 18056* 4.93 ret 29 (10) 
(627) ‘ 55209 


* Used in calculation of 5°P 12 


Other combinations involving the difference 4253 are given in Table X. 
The terms involved, which combine with 5*Pi2, may be other terms of the 
configuration 

(d) Zeeman effect. The Zeeman effects of some of the lines have already 
been reported. A complete list of the lines of Sn II whose Zeeman effects 
have been studied is given in Table XI. 

(e) Comparison with indium. Table XII gives a comparison of the term 
values of Indium I and Sn II. The terms of Sn II have been divided by 4. 
The ionization potential of Sn II is found to be 14.5 volts and the resonance 
potential 6.5 volts. 
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TABLE X 
Unclassified pairs. 5°P\2—X 
A, v, Int. A, v, Int. x Possible classification 
1290.90 (20) 1223.79 (10) 35991 PS: 
77405 (4248) 81713 
1533.00 1439 .07 48215 
65234 (4255) 69489 
1687 .28 1574.51 54192 PP,’ 
59267 (4245) 63512 
2229.1 2036.56 68602 p'P,’ 
44847 (4255) 49102 
2386.96 2166.72 71567 piP,’ 
41882 .3 (4255) 46137 .4 
2445.4 2215 .0* 72572 
40880 (4252) 45132 
* Given by Kimura and Nakamura as Sn III. 
TABLE XI 
Magnetic resolution of the lines of Sn 11 
Zeeman patterns Classifi- Zeeman patterns Classifi- 
cation cation 
6453 (.36) 1.01 1.66 obs. , 5562 (0) 1.04 
(.33) 1.00 1.67 theor. (.20) 1.00 1. 13 1.27 
5799 (0) 1.07 2D? F 45333 .835 YD» 
(.07) .73 .87 
5596 (—) (.80) .55 1.06 1.60 _ (0) 1.06 p?3D? Fs 
(.27) (.80) .53 1.07 1.60 compare with 5799 
5589 (0) .90 3284 (0) .91 
compare with 5589 
TABLE XII 
Comparison of In I and Sn II 
Term Element m=4 5 6 7 8 
2S) {sn I 22295 10366 6031 
Sn Il 15205 8250 5074 
(Sn I 46668 14811 7807 
Sn Il 29426 11553 6245 
2P, (Sn I 44455 14519 7696 
Sn II 28363 11332 6156 
"Ds InI 13775 7620 4832 
Sn II 11575 6867 --—- 
2Ds {Sn I 13752 7570 4806 
Sn II 11415 6840 4468 
Fxg { In I 6960 
Sn II 7104 4514 
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1V. THE SPECTRUM OF SN III 


(a) General remark. The third spectrum of tin is formed by a system of 
triplets and singlets, like that of cadmium. A very strong triplet having the 
Zeeman effect of a *S*P group was found on our plates, together with a 
3D®P multiplet. The *P separations, as determined from these groups of 
lines were found to be 1224 and 276, while the *D separations were 312 and 
205. These groups of lines in the ordinary photographic region are evidently 
lines of secondary series, and we had to resort to Lang’s tables to find the 
first series. 

(b) The triplet system. Starting with the *D differences found in the green 
region, we found a typical first member of a *P2*D group at 1218, 1210, 1206 
with the short wave-length line the strongest, having the separations 312 
and 209, which are within the limit of error in this region. The second 
member of this triplet is at 1161 and 1158, with a separation 202, also within 
the limit of error, and the third member is at 1139. These lines give us the 
first *P separations as 4033 and 1647, and the sharp triplet was next located 
by means afforded from this result. The lines of the triplet system of Sn III 
are given in Table XIII. 

(c) The singlet system. The singlet system was unfolded by means of 
the Zeeman effect of the line 4330, which revealed the fact that it was a 
8S,'P; combination. This led to the calculation of the term 'P; the second 
member of the 'P sequence. 

The lowest term of the Sn III spectrum should be a ‘So term and the 
combination line 'S)—*P, should have very marked characteristics. 

The line 1811 was noted by Saunders!® as being quite a strong line in the 
ordinary spark spectrum of tin, and it occurs in the combination series in 
Sn II. But this is not sufficient to account for its persistence. Lang’s tables 
first revealed the fact that this line is double 1811.29(10) and 1811.90(20). 
If, as we have done, we use the short wave-length component for Sn II, and 
the long wave-length component for Sn III 'So—*P: we get a value for 'S» 
which when combined with the first 'P; yields the line 1251.43(50), one of 
the strongest lines in this part of the spectrum, for the combination 'So—'P). 
The lines of the singlet system of Sn III are given in Table XIV. 

(d) Intercombinations. Several other intercombinations between the 
singlet and triplet systems have also been found. These are given in Table 
XV. 

(e) Combination series. As in the case of all two-electron systems, there 
is a very characteristic group of lines which may be formed into a *P%P’ 
group, with the *P’ separations about the same as the *P separations. This 
group of lines is shown below (Table XVI). 

The position of the P P’ group agrees with the rule given by Sawyer and 
Beese, that the wave-number of this group shall be about midway between 
'So—'P, of Sn IIT and *S—?P of the spectrum of Sn IV (given by Carroll'* 


18 Carroll, Trans. Roy. Soc. Lon., A225, 357 (1926). 
1® Saunders, Astrophys. Journ. 43, 234 (1916). 
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TABLE XIII 
Triplet system of Sn III. 
dr, Int. v An Avy Term values 
Sharp series, 5°Po = 189691; 5°P, = 188044; 5°P,= 184011 
1243.70 (20) 80405 
(4031) 
1184.33 (20) 84436 6°S, = 103604 
(1651) 
1161.62 (20)* 86087 
Diffuse series, 
1218.23 (3) 82086 
(209) 
1215.14 (15) 82295 
(312) 
1210.55 (30) 82607 53D, =101921 
(4033) 53D.= 101716 
1161.09 (20) 86126 = 101404 
(202) 
1158.37 (20) 86328 
(1643) 
1139.35 (20) 87769 
Principal series 6°S; —6°Poi2 
4585 .62 (20u) 21801 .2 = 81802 
1222.8 
4858.12 (6u) 20578 .4 6'P, = 83026 
4924.12 (6u) 20302.5 = 83302 
Fundamental series F234 
2665 .60 (1) 37503 .9 
(98.1) 
_ 2658.64 (10) 37602 .0 
(312.1) 43°F, = 63937 
2646.18 (2) 37779.1 (36.9) 4°F; = 63900 (assumed) 
2643.60 (6) 37816.0 4° Fy = 63802 
(205 .4) 
_. 2631.87 (4) 37984.5 
1650 .02* 60605 
(284) 5° F,=40799 
53°F; = 40827 
1642.33 6088 53 F, = 40837 
(195) 
1637.10 61084 
Combination 4° F,—58G 
4056.75 24643 .9 58G =39158 
Combination 5*D123—6°Po12 
5369.5 18616 
(276) 
5291 18895 
(205.2) 
5349 .37 18689.8 
(1223.2) 
5020.7 19913 
(312.1) 
5100.56 19600 .9 


* See note accompanying Table VIII 
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and by Lang? as 1437 and 1314). The P terms thus found, yield the following 
combinations with the P terms. An unclassified triplet is given also. 

There should be, according to Hund’s theory, a 'Dz and a 'S, term belong- 
ing to the same configuration as P’, namely 5252. The value of the term 


TABLE XIV 
Singlet system of Sn III 


5'S9—S'P, 1251.43 (50) 79908 = 243235 
= 163327 
5'So—6'P; 614.6 (2) 162707 obs. 6'P, =80517 
614.56 162718 calc. 
5'P,—5'D, 1570.41 (12) 63677 5'D,=99650 
5'D.—6'P, 5224.92 (5u) 19133 .9 obs. 
19133 calc. 
5'D.—4'F; 2618 .69 (1) 38175.4 4'F; =61475 
5'1D.—5'F; 1665 .45 (16) 60044 5'F; = 39611 
4'F;—5'G, 4474.9 (Ou) 22342 5'G,= 39133 
TABLE XV 
Intercombinations in Sn III 
1811.90(20)~ 55191* 1623.13 (4) 
611 calc. 
624.0 (1) 160256 obs. 5°'D.—6'P; 4715.82 (Ou) 21199.1 obs. 
624.18 160209 calc. 21199 cale. 
5'P,—6°S,; 1674.47 (2) 59720 obs. 5°D,—6'P; 4670.68 (2u) 21404.1 obs. 
59723 calc. 21494 calc. 
5'P, 1628.51 (3) 61406 obs. 6°S:—6'P; 4330.13 (Su) 23087.5+ 
61406 
* Used for calculation of 54S». 
t Used for calculation of 6'P,. 
TABLE XVI 
PP’ group of Sn III 
1369.76(12) 
73005 
(1916) 
1410.68 (30) ~ 1334.74 (30) 1306.01 (15) 
70888 (4033) 74921 (1648) 76569 53P,’ 
(4447) (4446) 
1327 .40 (30) ~ 1259.97 (20) 
75335 (4032) 79367 55P,’ 
58P, 53Po 
= 115039 58P,’=113123 53,P’ = 108676 


involved in the triplet shown is about the correct order for the 'D term 
required by theory, but the fact that the term combines with *P» seems to 
preclude the possibility that it has the inner quantum number 2, although 
the line which would violate the selection principle for inner quantum num- 
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TABLE XVII 
Other regularities in Sn III 
Triplet (X ='D2?) 
1294.41 (8) 77255 
(4030) 
1230.24 (10) 81285 X = 106759 
(1647) 
1205.80 (3) 82932 
5°Po.’—Y 1346.10 (20) 74289 
(1912) Y=38838 
— 1312.31 (15) 76201 
2070.66 (16) 48294 obs. 
48288 calc. 
1991.79 (1) 50206 obs. 
50204 calc. 
1829.76 (1) 54652 obs. 
54651 calc. 
53P,’—6'P, 3550.6 (1u) 28156 obs. 
28159 calc. 
5°Po’—6'P, 2896.12 (3) 34519 obs. 
34518 calc. 
TABLE XVIII 
Magnetic resolution of the lines of Sn III 
nN Zeeman Pattern classification 
5369 (0) .48 obs. 
(0) .50 theor. 
5349 (0) .96 
(0) (.33).83 1.17 1.50 
5291 (.95) .47 1.41 8D, 
(1.00) .50 1.50 
5100 (0) 1.10 3P8D; 
(0) (.16) (.33) 1.00 1.17 1.33 1.50 1.67 
5020 (.67) 1.29 
(.33) (.67) .83 1.17 1.50 1.83 
4924 (0) 1.97 3SPo 
(0) 2.00 
4858 (5.5) 1.49 2.02 5S°P1 
(.50) 1.50 2.00 
4585 (0) (.50) 1 1.52 
(0) (.50) 1.00 1.50 2.00 
4330 (.93) .99 2.00 
(1.00) 1.00 2.00 
2660 group *D*F not measurable, but qualitatively correct. 
§225 0) 1.04 very fuzz 1p.} 
4715 (0) 1.20 83DP 
(0) (.16) 1.00 1.16 1.33 vt 
3550 (0) 1.75 very fuzzy: obscured by band lines 8P,"1P 
(0) (.50) 1.00 1.50 2.00 
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bers is quite weak in comparison with the others. This same violation was 
found by one of the authors and Dr. Petersen in an investigation on mag- 
nesium.”° although at the time the proper assignment could not be made, 
the Hund theory not yet having been developed. 

The difference 1912, *P;’—*P,’ is found between the two strong lines 
1346 and 1312. 

(b) The Zeeman effect. The Zeeman effect for all the lines of Sn III that 
appeared on our plates is given in Table XVIII. They are seen to agree 
quite closely with theory. 

(g) Comparison with cadmium I. A comparison between the terms of 
Sn III and Cd I is given in Table XIX. The terms of Sn III have been 
divided by 9. The ionization potential of Sn III as calculated from the term 
1S is about 30 volts and the resonance potential calculated from the com- 
bination 1S is 6.81 volts. 


TABLE XIX 
Comparison of Cd I and Sn III 
a m=4 3 6 m=4 5 6 
2S) J Cd 21055 3D; { Cdl 13023 
\ Sn Ill 11512 Sn III 11267 
3Py Cd I 42425 14148 { CdI 6957 4445 
{ Sn III 21075 9256 Sn III 7100 4536 
3Py Cdl 41883 14077 1So f Cd I 72539 
Sn III 20893 9225 | Sn III 27026 
3P, Cd I 40712 13903 'P, { Cdl 28847 12633 
{ Sn Ill 20446 9089 Sn Ill 18147 8946 
3D, Cd I 13052 1D, { Cd I 13319 
Sn III 11305 Sn Ill 11072 
3D, Cdl 13041 
{ Sn III 11302 
IV. ConcLusIons 


(a) The doublet separations of Sn II. The first and second *P differences 
in the spectra of the singly-ionized elements of the fourth column of the 
periodic table are given in Table XX. 


TABLE XX 


First and second *P differences in the spectra of the singly-ionized elements of the 
fourth column of the periodic table. 


First difference Second difference 
Element N Av Av/N? Av Av/N? 
Cc 6 65 1.81 
Si 14 287 1.47 60 0.306 
Ge 32 (1900) (1.85) 361 .353 
Sn 50 4253 .70 884 .354 
Pb 82 14070 2.09 2816 .418 


20 Green and Petersen, Astrophys. Journ. 60, 301 (1924). 
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The difference 361 in the spectrum of Ge II is from the obvious principal pair 
6020 and 5890. The value Av=1900 for the first *P difference is predicted 
from the arc spectrum of Ge but is probably a little too large. The spectra 
of Ge are now under investigation by Dr. Lang. It seems that the doublet 
separations are roughly proportional to the square of the atomic numbers. 

(b) The triplet separations of Sn III. By means of the separations of the 
3D terms in Sn III, we were able, by means of the fourth power law, to clas- 
sify a group of strong lines in the spectrum of In LI. 


Av (Av)!/* 
Cdl 18.2 2.07 
Sn Ill 312 4.17 


Interpolation for indium gives about 118 and 76 for the *D separations. In 
just the region where we should expect it, there is a group of lines which 
behaves like a fundamental group, having the separations 


4682 .00 21352 .4 
116.2 

4656 .66 21468 .6 
82.2 

4638 .90 21550.8 


116 and 82 which satisfy quite well the calculated value. The ultra-violet 
data and the red data on indium are very poor, so that little more could be 
done with this spectrum. 

If we consider the fourth power law as holding even for triplet spectra, 
however, we may also interpolate for the P separations in indium II. We have 


Ap (Av)!/4 
Cd I 1171 5.85 
Sn III 4033 7.96 


and interpolation for Indium II gives 2420. The ratio of the *P separations 
in Cdl is 2.16; for Sn III it is 2.44. Interpolation for Indium II gives the 
second P separation as 1050. Carroll** gives the following lines which may be 
arranged into triplets schemes. The first of these 


2079.3 (4) * 1977.3 (3) 1936.8 (3) 
48091 (2483) 50574 (1058) 51632 


is probably 5°Po12—6°S}. 
This difference occurs again between the lines 
1700.0 (6) 58824 


2480 
1774.8 (4) 56344 


just in the neighborhood where we should expect a PP’ group. Unfortun- 
ately the data on Indium in this region is not accurate enough, so that further 
work could not be done. 
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Note added August 15: During the progress of this work, two articles 
have appeared on the spectra of tin. The first by Back, Zeits. f. Physik. 43, 
p. 309 (1927), is on Sn I and is almost completely in agreement with the 
authors’ results. The second, on Sn III, by Rao appears in Proc. Phys. Soc. 
Lon. 39: p. 161 (1927), and did not reach us until very recently. Rao clas- 
sifies the lines 4858, 5100, and 5225 as the 6°S,—6*Po triplet. From the 
Zeeman effect of these lines, this classification is obviously incorrect, and 
the frequency differences occurring here and repeated elsewhere are for- 
tuitous. Rao, however, comes to the same conclusions as the authors with 
regard to the fundamental multiplet in Sn III, and the groups in In II that 
are mentioned in this paper. 
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ZEEMAN EFFECT IN THE BAND SPECTRA OF AgH, AIH, 
ZnH, AND MgH 


By W. Watson B. PERKINS, JR. 


ABSTRACT 


Silver hydride bands. The AgH bands were photographed in the second order of 
a 21-foot Rowland grating using field strengths of 10,000, 13,000, and 33,000 gauss. 
They exhibit no Zeeman effect whatsoever. This is a verification of the assignment 
1S—'5S to this type of band. , 

Aluminum hydride bands. The observed broadening of the first lines in each 
branch is shown to agree quantitatively with the predictions of Van Vleck’s formula 
for the change in energy produced by a magnetic field, providing the electronic 
transition is 'P—'S and the values of 7 given by the new mechanics are used. In 
agreement with the theory, all but the first lines in each branch show no effect. 

Zinc hydride bands. The wide doublets (separation=2 + Avnorm) found by 
Hulthén for the Q and R lines are shown to be quartets. These doublet separations 
tend to decrease at the highest field strengths. The P; and P» lines are unaffected at all 
field strengths up to 34,000 gauss. Hund’s predicted first order Zeeman effect for 
his case b does not appear; that is, at field strengths strong enough to give a measurable 
effect the internal coupling of the spin axis is already broken down. 

Magnesium hydride bands. At 10,000 gauss all the lines show a broadening, the 
spread of the pattern of the P,(5) line being 1.56 cm™! although Avnorm is 0.47 cm™. 
The pattern of the two components of the doublets fuse together, and as the field 
strength increases, the total width of this doublet pattern decreases. At 35,000 
guass the whole pattern of the two lines is fused into one single broad line slightly 
less broad than the original no-field doublet. This appears to be a true Paschen-Back 
effect. No satellites splitting-off from one of the doublet componets as reported for the 
CH and OH bands have been found. 


HE recent theoretical work of Hund!, Kemble?,and Van Vleck*, has made 

the experimental determination of the exact effect of magnetic fields on 
certain characteristic band spectra a problem of some importance. It has been 
shown that there exist S, P, D, etc., molecular electronic levels with a spacing 
almost identical with those in corresponding atoms. The molecule has then 
in general a magnetic moment and should precess in a magnetic field. 
Those frequencies originating in the lowest rotational levels (the first line in 
each branch) should show a magnetic splitting comparable to the normal 
Zeeman effect in atomic lines. The change in energy produced by the field 
should be inversely proportional to 7*, and therefore in the great majority of 
band lines which represent rather large values of 7 the splitting is probably 
so complicated and on such a small scale as to be undetectable. This explains 
why early investigators reported that band lines were insensitive to magnetic 
influence. The zero-point of a band was not at that time recognized as the 


1 F. Hund, Zeits. f. Physik 36, 657 (1926) and 42, 93 (1927). 
2 E. C. Kemble, National Research Council Bulletin, No. 57, pp. 326-353. 
3 J. H. Van Vleck, Phys. Rev. 28, 980 (1926). 
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origin, and it is often masked by the lines of the branch returning from the 
head. Furthermore, the first line in each branch is always of low intensity, 
making exposure times of say 24 to 36 hours necessary when the field is 
applied to the source. 

Most of the magnetic field effects so far reported for band lines are second- 
order effects akin to the Paschen-Back effect, such as the narrowing of 
doublets the splitting-off of satellite lines, and the production of wide doublets 
for lines having rather large 7 values. And where a magnetic resolution for 
the lines near the origin has been noticed, the bands have not been of a simple 
type, so that second-order effects are usually present to complicate the situa- 
tion. Curtis and Jevons‘, however, found that in the 4659 helium band, 
a 'P—'S transition, the only effect was the broading of the first lines in each 
branch. Also, Kemble and Mulliken’ have recently obtained some fine results 
giving the Zeeman effect for the 45610 CO band, a 'S—>'P transition. They 
find that the first lines of the P and Q branches become approximately 
half-normal triplets in confirmation of the Van Vleck formula based on the 
new quantum mechanics. The reader is referred to Kemble’s article? for a 
discussion of all the Zeeman effect work on band spectra that had appeared 
up to that time. 

We have used in this investigation a large Weiss-type, water-cooled 
magnet capable of producing field strengths up to 35,000 gauss in a 5 mm 
gap, the pole faces being 1 cm in diameter. A hydrogen atmosphere was 
maintained in a Back chamber fitting tightly onto the pole pieces, and the arc 
was struck parallel to the field. The fixed electrode was always a thin silver 
strip, while the vibrating electrode was of Al, Mg, etc. Since it was impossible 
to keep the arc chamber absolutely air-tight, it was necessary to have the 
hydrogen usually at atmospheric pressure, but a pressure of about 5 cm of 
hydrogen seemed to always yield more intense band spectra. Some of the 
spectrograms were taken in the second order of a 30-foot Littrow mounting 
8 inch plane grating, while most of the exposures were in the second and 
third orders of the 21-foot Rowland grating. Exposure times ran from 6 hours 
for the AgH bands to 36 hours for the ZnH bands in the third order and with 
a Nicol in the path to test the polarization of the Zeeman components. It 
was possible to view the arc only in the direction perpendicular to the field. 
In all cases the electrodes had to be renewed at intervals during the exposure. 
Precautions were taken to maintain the temperature in the grating room 
practically constant. 


SILVER HyprRIDE BANDS 


The AgH bands in the near ultra-violet with the principal head at A3330 
(0—0 band) consist of single P and R branches, the Q branches being entirely 
absent. They resemble closely the near infra-red HCI bands, and are classified 
according to Mulliken as a 'S-—>'S transition. For both electronic levels, 
o;, the component of the orbital electronic angular momentum parallel to the 


4 W. E. Curtis and W. Jevons, Nature 116, 746 (1925). 
5 See Note 35a, page 352, National Research Council Bulletin No. 57. 
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figure axis of the molecule, is zero, and consequently both levels should be 
non-magnetic. These bands should then be totally unaffected by magnetic 
fields of any strength, and experimental proof of this should form a verifica- 
tion of the assignment 'S—>'S to this type of band. 

We, therefore, photographed these bands in the second order of the 21-foot 
grating, using field strengths of 10,000, 13,000, and 33,000 gauss. A close 
examination of the plates fails to reveal any difference between these spectro- 
grams and that taken without a field. Moreover, the arc is just as easy to 
run with the full field as with no field, the exposure time of six hours giving 
in each instance lines of equal intensity. If there is a magnetic splitting or 
broadening of the lines, then obviously the required exposure time is length- 
ened considerably. In the 0—0 band, unfortunately, the Ag arc line \3349 
is very close to the zero-point and is necessarily overexposed, but the R (3) 
and P (3) lines are clear, and are seen to be absolutely unaffected by the 
magnetic field. It is to be concluded, then, that these bands are correctly 
represented as a 'S—>'S type. 


ALUMINUM HypRIDE BANDs 


The AIH (0—0) band at \4240 consists of single P, Q, R branches, and 
according to Mulliken is of a 'P—'S type. Therefore, the Zeeman effect 
should be the same as in the CO A5610 band (a 'S—>'P transition) except 
that it is the lower electronic level which is non-magnetic in AIH. For a 
1P—'S transition, =1.¢,’’=0, and in both stateso,=s=0and p=0. Now 
Van Vleck,® using the new quantum mechanics, gives the formula 


—r-o-«,- H/jG-1) (1) 


for the change in energy produced by a magnetic field if there is rigid coupling 
of the spin electrons. The notation is that used by Kemble; x,- H is the 
normal Zeeman displacement, r is the magnetic quantum number, ¢@ is the 
combined spin and orbital angular momentum in the direction of the figure 
axis, and j is the total angular momentum quantum number. The Zeeman 
pattern for the lines of the AIH bard should then be given by 


v=votr’ H/j'(j’+1) (2) 


where r’ assumes all integral values between +7’. Mulliken’ gives 1} as the 
minimum value of 7’, but the new mechanics value of j is 3 less than this. For 
j'=1, r'/j'(j’ +1) = +3, 0 so that the pattern for the first line in each branch 
should be a half normal triplet. 

The first three lines in each branch are definitely broadened on all of our 
plates, but the resolution is not quite great enough to separate the com- 
ponents even with the highest field (34,000 gauss). The maximum spread of 
the pattern can be determined for these lines, however, and the results 
compared with the prediction of formula (2). The comparison is made in 
Table I. The theoretical values of the spread are computed by setting r’ =’ 


* J. H. Van Vleck, loc. cit., p. 1007. 
7R.S. Mulliken, Phys. Rev. 28, 1221 (1926). 
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in each case. For this field strength, a normal triplet would have a separation 
of 3.20 cm between the two outer components. 


TABLE I 

Comparison between maximum spread of pattern and the theoretical separation, 
Line Plate 1. Plate 2. Plate 3. Average Theoretical value. 
R(1) 0.976cm™ = 1.158cm™ 0.910cm™ 1.015 cm™ 1.60=}3 norm. 
Q(2) 1.537 1.829 — 1.683 1.60=4 “ 
Q(3) 1.239 1.421 1.190 1.283 1.07=}4 “ 
Q(4) 0.898 0.887 0.793 0.859 0.80=} “ 
P(5) 0.812 0.768 0.823 0.801 0.80=} “ 


The agreement with the predicted values are, with the exception of the 
R (1) line, fairly good. It is possible that the measurements on this line are 
vitiated by the presence of a foreign line, probably belonging to the secondary 
spectrum of hydrogen, and that consequently it should not be included in the 
table. It is apparent also that the correct j values are those given by the new 
quantum mechanics, a half unit lower than those determined from the 
Kramers and Pauli formula. All of the higher members of each series in the 
band are apparently undisturbed by the magnetic field, which is just what 
you would expect if the spread of the pattern is inversely proportional to j. 
It is to be concluded, therefore, that these results are further confirmation of 
the correctness of Van Vleck’s formula, and are a verification of the assign- 
ment 'P->'S to the AIH bands. 


Zinc HyDRIDE BANDs 


The bands of the ZnH system with a principal head at \4326 (zero-point 
of the 0—0 band) are of a more complicated type, consisting of six branches, 
and are according to Mulliken a ?P,—*S transition. These bands have been 
analyzed by Hulthén,° and he also investigated their Zeeman effect for one 
field strength, 16,900 gauss. He reports some very curious ‘‘second-order”’ 
effects which may be briefly summarized as follows: The P; and P» branches 
show no effect, although overlapping of the first lines of the P. branch makes 
impossible a definite assertion about them. The first lines of the Qe, Ri, and 
R: branches are split into wide doublets, but the higher members of these 
series show no effect. The Q, lines are split into wide doublets, measurable 
as far out as Q (13). The separation of the two components of the doublets 
extrapolated to the origin has a value equal to twice the normal Zeeman 
effect. 

Magnetic doublets of this character also occur for some lines in the hydro- 
gen secondary spectrum, and as was first suggested by Kramers and Pauli,® 
must be due to loose coupling of the valence electron. Van Vleck® attributes 
this effect to a loose coupling of the spin axis of a valence electron in an 
excited state of the molecule. Because it is coupled loosely with the molecule, 


8 E. Hulthén, Thesis, Lund, 1923. 
® H. A. Kramers and W. Pauli, Zeits. f. Physik 13, 351 (1923). 
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the spin axis orients itself either parallel or anti-parallel to the field, and 
consequently the energy is 


E=Eo+20,:h-«,-H (3) 


where ¢,= +3 is the component of the electron’s spin angular momentum 
parallel to the figure axis, and x,+ H is the normal Zeeman separation. This 
loose coupling occurs only in the P state, and consequently will give a 
Zeeman displacement of the normal amount but with the central component 
lacking. 

We have photographed the 44326 ZnH band in the third order of the 21- 
foot Rowland grating with various field strengths ranging from 5,000 to 
34,000 gauss. At 15,000 gauss our measurements check those given by 
Hulthén quite closely. The doublet separations for the Q; and Q2 branches 
are given in Table II. The normal Zeeman displacement at this field strength 
is 0.71 cm™. 


TABLE II 
Doublet separations for the Q, and Q:2 branches 
Line Av Line Av 
Q; (8) 1.34 cm Q2(2) 1.51 cm™ 
(9) 1.05 (3) 1.37 
(10) 1.10 (4) 1.50 
(11) 0.97 
(12) 1.08 


Using this same field strength, we photographed the band through a 
Nicol prism set first with its plane of transmission parallel to the field and 
then perpendicular to the field. In both cases the Q; doublets appeared. It 
is to be inferred either that the two components are circularly polarized or 
that they are in reality quartets with very small separation between the 
outer components. The latter is the more attractive of the two alternatives, 
since the arc is being viewed perpendicular to the field. It is evident, however, 
that formula (3) does not exactly fit the facts, and that a more detailed 
theoretical treatment would be desirable. 

Furthermore, a plate taken with a field strength of 34,000 gauss reveals 
the fact that these doublets tend to draw together at high fields. The P; 
and Pz, lines apparently remain unaffected even at this highest field. Here 
again are facts not explained by the theory. 

As pointed out by Van Vleck,’° in the case of this loose coupling of the 
spin axis, the situation must be that of Hund’s case 5" in which the spin axis 
is quantized relative to jx. (jx is the resultant of o, and m). A weak field 
would not be able to destroy this coupling, and according to Hund" the 
Zeeman components would be spaced a distance 1/j times the normal separa- 
tion. But when the applied field becomes fairly strong, this internal coupling 


10 J. H. Van Vleck, loc. cit., p. 1010. 
1 F, Hund, Zeits. f. Physik 36, 657 (1926). 
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should be broken, and the close components should be merged into the 
wide doublets. Looking for this transition, we have photographed the bands 
with fields from 5,000 gauss up. Since for the small currents, the iron of the 
magnet is far from saturation, it is important that the current be held abso- 
lutely constant during the exposure. These exciting currents were therefore 
taken from a large 150 volt storage battery rather than the ordinary D. C. 
supply. We were not able to detect any Zeeman effect on the first Q2 and R 
lines, however, at field strengths below that necessary to give the wide 
doublets. That is, when the field strength becomes strong enough to give a 
measurable Zeeman effect, the internal coupling is apparently already broken 
down. Hund mentions the possibility of this predicament. 


MAGNESIUM HypbDRIDE BANDs 


The MgH system with a principal head at \5211 isclassified as*P; ,.—?S. 
The P, Q, and R branches all consist of narrow doublets, the doublet separa- 
tion being about 2 cm~! except near the origin where it becomes somewhat 
larger. With a field of 10,000 gauss all of the lines show a broadening, but 
there is not sufficient resolution on our plates to determine the Zeeman com- 
ponents. The lines near the origin have quite a spread, that for the P, (5) 
line being 1.56 cm™, although the separation of the two outer components of 
a normal triplet at this field strength is only 0.94 cm~. The doublets are 
fused together, the total separation between the extreme limits of the two 
patterns being somewhat greater than the original doublet separation. But 
as the field strength increases, the total width of this doublet pattern de- 
creases, until at the highest field it is equal to or slightly less than the no- 
field separation between the two lines. The whole pattern is fused into one 
single broad line. This appears to be a true Paschen-Back effect, since a 
first order fine-structure is evidently present for moderate field strengths. 
Kemble” predicts exactly this effect, which has apparently not been observed 
before. 

It is possible that with higher resolution and working under better con- 
ditions, among the most important of which would be a reduced pressure of 
the hydrogen in the arc chamber, the fine-structure of some of the Zeeman 
patterns in this MgH band could be observed. The wave-length region 
(A5200) is more favorable than that for the other bands reported in this paper. 
There is no evidence of the existence of satellites splitting-off from the main 
lines under the influence of the magnetic field, such as Hulthén* and Fortrat™ 
report for the CH and OH bands respectively. 

RYERSON PuysicAL LABORATORY, 


UNIVERSITY OF CHICAGO, 
August, 1927. 


2 E, C. Kemble, loc. cit., p. 349. 
13 R. Fortrat, J. de physique et le rad. 5, 20 (1924). 
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BAND SPECTRA AND DISSOCIATION OF IODINE 
MONOCHLORIDE 


By G. E. Gipson AND H. C. RAMSPERGER 


ABSTRACT 


Thirty-three band heads of ICI were measured in absorption and found to consist 
of two series, one of them converging at » = 17410 + 30 cm™ (A =5744A). Two heads of 
a third series were faintly in evidence just beyond the convergence, fading out in the 
region of continuous absorption. The maximum of continuous absorption is about 
4800A. Intensity variations with temperature indicate that all three series come 
from excited states of normal ICI, the observed convergence coming from the first 
vibrational level. The vibration frequency of normal ICI is 382 cm~. Interpreted 
according to the theory of Franck our results indicate that ICI dissociates in light 
(1) into unexcited atoms, (2) into an unexcited iodine atom and a chlorine atom in the 
2’P; state. The convergence corresponding to dissociation into chlorine and excited 
iodine was not found. Combined with the optical data of Kuhn on Ch and I; our 
results require an evolution of 3.8 Cal. for the reaction ICl=41l.+4Cl, assuming 
the observed convergence to correspond to process (1). Thermodynamic data 
give 3.6 Cal. for the same reaction. The two faint heads of the third series probably 
correspond to (2). The thermodynamic measurements are susceptible of determina- 
tion with accuracy sufficient to exclude definitely other possible interpretations. 


INTRODUCTION 


HE absorption spectra of the halogens Cle, Bre, 1, have been investigated 

by Mecke! and by Kuhn.* They all show band series in the visible, the 
spacing of the bands becoming progressively smaller toward the violet and 
converging to definite limits in the green. By analysis of the bands of Cl. 
and Bre Kuhn has shown that in each case the convergence corresponds to 
the dissociation of the molecule into an unexcited atom and an excited atom 
in the 2 ?P; state, in accordance with the theory of Franck® which had already 
been so well borne out in the case of iodine. In the case of I, and Br2 Prings- 
heim‘ and Kuhn? showed that the series ending in the convergence dim- 
inished in intensity with rise in temperature and must therefore come from 
the vibrationless state of the normal molecule. In the case of Cl, however, 
the series ending in the observed convergence increases in intensity as the 
temperature is raised, from which Kuhn concludes that it must come from 
a vibrating state of the molecule. By quantitative measurements of the 
variation in intensity with temperature Kuhn was able to show that this 
state was the first vibrational level of the normai molecule. The convergence 
in all three halogens is followed by a region of continuous absorption which in 
the case of iodine comes to a maximum just beyond the convergence, while in 

' Mecke, Ann. d. Physik 71, 104 (1923). 

? Kuhn, Zeits. f. Physik 39, 77 (1926). 


3 Franck, Trans. Faraday Soc. 21, Part 3 (1925); Zeits. f. phys. Chem. 120, 144 (1926). 
‘ Pringsheim, Zeits. f. Physik 5, 130 (1921). 
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bromine this maximum is 900A, in chlorine 1400A, beyond the convergence 
toward the violet. This, as Kuhn points out, is an excellent confirmation of 
the prediction of Franck that the more the electron excitation weakens the 
bond between the atoms in the molecule the greater the amount of vibrational 
(or atomic translational) energy resulting from the electron jump. The 
weakening of the bond is shown by the diminution in the spacing of the 
vibration levels w’’ and w’ in going from the normal to the excited state of 
the molecule. Thus we have approximately, for iodine = 213 = 
122 for bromine, =325 w®’=160 and for chlorine 
w’’=565 w°’=180 cm-!. The calculated heats of dissociation of the 
molecule into atoms agree with the thermochemical data within the rather 
large limit of error of the latter. With a view to obtaining a further check 
on the theory of Franck the absorption spectra of IBr and ICI were photo- 
graphed with the 15 ft. concave grating of the Physics Department of the 
University of California. In the case of IBr we found that the dissociation 
was already so marked at room temperature that the spectrum of IBr was 
completely obscured by the strong absorption of Ip. There seems little hope 
of obtaining the spectrum of IBr in this manner.’ This is in agreement with 
the experiments of Bodenstein and Schmidt® who found that IBr was largely 
dissociated at room temperature. - 

The dissociation, however, is very much less in the case of ICI, as might 
be expected from the more polar nature of the molecule, and the I; bands 
do not make their appearance at temperatures below 200°C. We have found 
the absorption spectrum of ICI to consist of two series of bands coming 
respectively from the first and second vibrating states of the normal molecule. 
The first of these series comes to a convergence at 5744A, which, as we shall 
show later, is in excellent agreement with thermodynamic data if we assume 
that the convergence corresponds to dissociation into normal unexcited 
chlorine and iodine atoms. At and just beyond the convergence two heads 
of a third series were observed which appear to correspond to dissociation 
into a normal iodine atom and an excited chlorine atom in the 2 ?P, state. 
The weakening of the molecular bond due to electron excitation is inter- 
mediate between that of Cl, and Is, namely, w°’’=382 cm™ and w= 
170 cm~ approximately. In agreement with the theory of Franck, measure- 
ments of the continuous absorption which we have also carried out, show that 
the absorption maximum occurs about 950A beyond the convergence, which, 
as the theory predicts, is intermediate between the corresponding values for 
Cl, and Ip. 

In reply to a preliminary report of these results sent to Professor Franck 
he was kind enough to call our attention to the improbability that a com- 
paratively non-polar molecule like ICI should dissociate into unexcited atoms. 


5 The intensity distribution in the iodine bands from IBr is, however, very different at 
low temperatures from that in pure iodine, so that with low dispersion the bands appear to be 
just twice as close together as the iodine bands. At higher temperatures the intensity distribu- 
tion is the same as in pure iodine. 

® Bodenstein and Schmidt, Zeits. f. phys. Chem. 123, 28 (1926). 
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Experiments performed by Kuhn and by Rollefson in his laboratory showed 
that very polar molecules, such as those of salt vapors, which can be dis- 
sociated adiabatically into ions can be dissociated by light into unexcited 
atoms, or with nearly equal probability into one unexcited and one excited 
atom. It would certainly seem surprising if ICl, which is intermediate in 
polarity between the salt vapors and the halogens, should decompose most 
readily by light into unexcited atoms. The thermodynamic data, however, 
point very strongly to this conclusion, and would have to be in error by an 
improbably large amount if the convergence in ICI is to be interpreted as 
corresponding to dissociation into excited chlorine atoms and normal iodine 
atoms. There is yet another difficulty in this latter interpretation. The 
third faint series which we observed just beyond the convergence cor- 
responds very well to dissociation into a chlorine atom in the 2 ?P state and 
a normal iodine atom if we accept the interpretation given in the text, but 
would be hard to explain otherwise. At first we had erroneously supposed 
these bands to correspond to the dissociation into excited iodine and normal 
chlorine atoms, but this interpretation we have now found to be inadmissible. 


II. OpricAL MEASUREMENTS 


The absorption spectra were photographed with a 15 foot Rowland con- 
cave grating giving a dispersion in the first order, which was used throughout, 
of 37A percm. The source of light was a Pointolite lamp whose anode, con- 


. sisting of a small sphere of tungsten, is brought to bright incandescence by 


a low pressure arc. The absorption cell was of Pyrex glass, 10 cm long, 3 cm 
diameter, with plane windows fused on at either end. A side tube, which 
could be heated independently of the absorption cell, permitted regulation 
of the vapor pressure of the ICI. A quantity of Kahlbaum’s purest IC] 
was introduced into the cell, which was then rapidly evacuated and sealed. 
Subsequent experiments showed that there was no excess of iodine in the 
cell such as might have been produced by preferential evaporation of chlorine 
during this operation. The fine structure of the bands was plainly visible on 
the plates, but only band heads were measured. The iron arc was used as 
reference spectrum. Photographs were made on Wratten panchromatic 


TABLE I 
Absorption spectrum of ICl. 


(A) v(cm!) (A) v(cm7!) (A) v(cm~!) (A) 


5732 .0* 17446 5915.5 16905 6215.8 16088 6481.1 15430 
5793 .4 17261 5941.6 16831 6221.8 16073 6515.8 15347 
5801.7 17237 5971.4 16747 6268 .6 15953 6544.7 15280 
5812.3 17205 6003 .5 16657 6315.5 15834 6611.6 15125 
5824.2 17170 6039 .6 16557 6325.0 15810 6682.4 14965 
5837.9 17129 6078.7 16451 6366 .9 15706 6757.8 14798 
5853 .3 17084 6120.9 16338 6385 .3 15661 6836.6 14627 
5871.2 17032 6167.0 16215 6422.5 15570 
5892.2 16972 6180.8 16179 6447 .8 15509 


* This band head belongs to a different band series from those immediately following. 
Another head of the same series was found by visual observation at approximately 40A to 
the —- and evidence of a third band was faintly visible although the head could not be 
measured. 
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plates and the exposures varied from 10 to 30 minutes. The measured wave- 
lengths and frequencies of the band heads are given in Table I. 

In Table II the frequencies of the band heads are shown arranged in two 
series. The notation is that used by Birge in Bull. Nat. Research Council, 
11, No. 57, Chap. 4 (1927). Thus n”’ is the vibrational quantum number of 
the level of lower, »’ that of higher, energy. The values of ”’’ are absolute 
values as determined by variation in intensity with temperature, to be de- 
scribed later. The values of m’ are on an arbitrary scale. The spacing of the 
n' levels correspond to the vertical differences Av’, those of the n’’ levels 
to the horizontal differences Av’’. 


TABLE II 
Band series of ICI. 
n Av’ n'’=1 Apr’ 
0 14627 171 
1 14798 167 
rs 14965 160 15347 162 382 
3 15125 155 15509 152 384 
4 15280 150 15661 149 381 
5 15430 140 15810 143* 380 
6 15570 136 15953* 135* 383* 
7 15706 128 16088 127 382 
8 15834 119* 16215 123 381 
9 15953* 120* 16338 113 385* 
10 16073 106 16451 106 378 
11 16179 16557 100 378 
12 16657 90 
13 16747 84 382 (average) 
14 16831 74 
15 16905 67 
16 16972 60 
17 17032 52 
18 17084 45 
19 17129 41 
20 17170 35 
21 17205 32 
22 17237 24 


23 17261 


17410 +30 (convergence) 


* The band head at 15953 is really double, the two series nearly coinciding at this point. 
From the Av values the two heads should be about 2.5A apart here, but the fine structures 
overlap in such a manner that it is impossible to distinguish them. The Av values affected by 
this uncertainty are likewise indicated by an asterisk. 

The convergence limit was obtained by extrapolation in two ways. The 
first, which was that adopted by Kuhn, is to extrapolate the plot of Av’ 
against vy. The second way, which is quite independent theoretically, is that 
adopted by Birge and Sponer,’ and consists of a graphical evaluation of the 
dissociation frequency using thé equation vp = J,"»w"’dn’, where w"’ is the 
average value of Av’ and mo’ is the value of m’ for which w"’ vanishes. The 
plot of w"’ against n’ is shown in Fig. 1. The dotted line indicates the 
extrapolated portion which was continued beyond the limits of the figure in a 
more or less arbitrary manner to the axis of abscissas. In this way we ob- 
tained from the area under the curve the value 17,380 cm™ for the con- 


7 Birge and Sponer, Phys. Rev. 28, 259 (1926). 
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vergence limit. Extrapolation of the plot of vy against Av gave 17,435cm™. As 
final value we chose the average 17,410 cm™ in round figures, and the differ- 
ence of this from the value obtained by either method, approximately 
30 cm~, may be taken as representing the uncertainty in the extrapolation. 

_ The determination of the absolute value of m’ was carried out in the 
following manner, which in principle is equivalent to that adopted by Kuhn. 


< 

5 — 


~ 
~ 


it 


Fig. 1. Plot of the average values of the spacings of the n’ levels as a function of n’. 


The ratio of the number of oscillators which at 350°K have vibrational energy 
corresponding to n’’=1 to those in the same vibrational state at 473°K is 
given by the equation 


N350/ N73 = 1 2, 


Substituting for E the energy of the first vibrational state, namely, v’’ = 
382 cm-!, we obtain N350/N473 = 2/3. The corresponding ratio for the oscil- 
lators in state n’’ =2 is the square of this ratio, namely 4/9. If therefore we 
keep the concentration of ICI constant in the absorption cell and photograph 
at these two temperatures, but with exposures in the ratio 3 to 2, the blacken- 
ing on the plate will be the same for the series whose lower level is n’’ =1. 
It is of course necessary to use a plate for which the blackening is independent 
of the intensity or the time, provided that the product of intensity and time 
is kept constant. This was found to be the case for the Wratten panchromatic 
plates used in these experiments for a range of exposures about twice as great 
as that actually used. The calibration was carried out with the wire absorp- 
tion screens described by Ramsperger and Porter*® and it was found to be 
easily possible to detect by eye a ten percent deviation in the product of 
intensity and time. 

The cell was charged with an amount of ICI which could be completely 
vaporized at 350°K. Two photographs were taken, one at 350°K with 10 
minutes exposure, the other at 473°K with 15 minutes exposure. The 
blackening was found to be identical in both photographs for the series 


8 Ramsperger and Porter, J. Am. Chem. Soc. 48, 1267 (1926). 
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extending to the convergence, which from now on we will call Series A. 
The other series, which we will call Series B shows much less absorption at 
the lower temperature. On another plate with the same exposure at both 
temperatures Series A showed much less absorption at the lower tempera- 
ture. Since a ten percent deviation from the 2/3 ratio could easily have been 
detected, this experiment proves definitely that the two series correspond 
to n’’=1 and n’’=2 respectively. The two faint heads of the third series, 
which we will call Series C, were found similarly to correspond to n’’=1. 
Since these heads are approximately 40A apart we may form an estimate 
of the frequency at which Series C would converge if we assume the rate 
of convergence to be approximately the same as for Series A whose con- 
vergence we have already measured. This would probably be nearly true 
if the two series differ only in that their convergences correspond to dissocia- 
tion into excited and unexcited chlorine atoms, respectively, since the separa- 
tion of the 2 ?P levels is small, namely 0.109 volts. We need therefore only 


LN 


Wavelength 
Fig. 2. Absorption of ICI in the visible region. 


find the pair of band heads which differ by 40A in Series A and subtract the 
frequency of either head of this pair from the frequency of the corresponding 
_ head in Series C to obtain the difference in frequency of the two convergence 
limits. In this way the head at 17,446 cm~ of Series C is found to correspond 
to the head 16,451 cm of Series A. The difference is 995 cm=, or 0.12 volts, 
which is as close as could reasonably be expected to the excitation of chlorine 
(0.11 volts). We therefore conclude that this series corresponds, at the con- 
vergence, to dissociation of normal ICI, ’’ =1, into normal iodine atoms and 
chlorine atoms in the 2 ?P; state. 

The variation of intensity with wave-length is just what we would expect 
from the theory of Franck. The maximum of absorption in Series B cor- 
responds to smaller values of m’ than Series A, while the absorption of the 
vibrationless state m’’=0 appears only as continuous absorption, just as 
Kuhn found in the case of Cl. We have made quantitative measurements 
of the absorption in the continuous region by the method of Ramsperger 
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and Porter and the results are shown graphically in Fig. 2. There is a decided 
maximum at about 4700A which shows that the most probable process of 
absorption for molecules in state ’’=0 is one which results in dissociation 
into atoms having about 0.5 volts energy of translation. Without making: 
quantitative measurements it is difficult to say whether the most probable 
value of n’ for Series C is greater or less than the corresponding value for 
Series A. For both series the most probable value of m’ is less than mo’, the 
value at the convergence. - An energy level diagram for Series A and B is 
shown in Fig. 3. 


1, 
n 


Fig. 3. Energy level diagram for series A and B. 


III. THERMODYNAMIC CALCULATIONS 

To avoid circumlocution we shall use the following notation throughout. 
We shall adhere as closely as possible to the thermodynamic notation of 
Lewis and Randall. Thus the equation ICI(l) AHoos = 
5800 cal. reads: liquid iodine monochloride dissociates into solid iodine and 
gaseous chlorine with an absorption of 5800 calories. The symbol Cle(g) 
represents one mol of an equilibrium mixture of chlorine molecules in their 
various vibrational states. In discussing optical data it becomes necessary 
to distinguish between these. We shall indicate the vibrational levels by 
writing in parentheses after the symbol of the molecule the value of ’ or 
n'’ as the case may be. Thus Cl.(7’’ =1) reads: a molecule of chlorine in the 
first vibration state of the lower electronic level. Since the energy difference 
between ICI(g) and ICI(”’’ =0), although not entirely negligible, is too small 
to affect our conclusions in any way it is not necessary as a rule to dis- 
criminate between these two symbols. This applies also to the corresponding 
symbols of I, and Cle. The error resulting from this approximation affects 


® Lewis and Randall, “Thermodynamics and the Free Energy of Chemical Substances,” 
McGraw-Hill Book Co., New York, 1923. 
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our final results by less than 100 calories. The only atomic levels we need 
consider are the 2?P;.» levels of Cl and I. The level of higher energy will 
always be indicated by an asterisk; thus Cl* reads: an atom of chlorine gas 
in the 2 ?P, state. 
We may now summarize the results af the optical measurements as 
follows. The process corresponding to the convergence of Series A may be 
ICl(n’’ =1) =I+Cl, 
or 

ICl(n’’ =1) =1*+Cl, 
or 

ICl(n’’ =1) =1+Cl*. 
The results of Kuhn for Iz and Cl. show that the processes at the convergence 
limits are =1+I1* and Cl.(n’’ =1) =CI1+Cl*. Thermodynamically 
we shall obtain the following: ICI(g) =3I.(g)+3Cl(g); AHe9s=3500 cal. 
Before discussing the method by which this value is obtained we shall cal- 
culate the heat of the same reaction as it follows from our optical data com- 
bined with those of Kuhn by the alternative schemes: 


Process 1 
ICl(n’’ =0) =ICI(n’’ =1) AH= +1090 cal. (v=382) 
ICI(n’’=1) =I+Cl AH = +49590 cal. (v =17410) 
I = 41,(2’’ =0) AH = —17600 cal. (Kuhn) 
Cl = 4Cl.(n’’ =0) AH = —29250 cal. (Kuhn) 


ICI (n’’ =0) = AH =3830 cal. 


Process 2. 
ICl(n’’ =0) =ICl(n’’ =1) AH= +1090 cal. 
ICl(n’’=1) =I1+Cl* AH = +49590 cal. 
I = 41,(n’’ =0) AH = —17600 cal. 
= 3Cl.(n’’ =0) AH = —31760 cal. 


ICl(n’’ =0) = AH= 1320 cal. 


The alternatives involving dissociation into I* evidently need not be con- 
sidered since they introduce 0.9 volt or 20,700 cal. additional. Evidently 
alternative 1 is in very close agreement with the thermochemical value, which 
we shall now discuss in detail. 


IV. THERMOCHEMICAL DATA 


4]o(s)+3Clo(g) =ICI(l). The heat of formation of ICI has been deter- 
mined by Berthelot'® and by Thomsen." Berthelot used three different 
methods, the first two depending on the reaction ICl+SO,.(aq)+2H,0 = 
HCl(aq) +HI(aq) +H2SO,(aq). From the large heat of this reaction, approx- 
imately 40,000 cal., he obtains the heat of formation of ICI(s) by subtracting 
his previously determined values for the heats of formation of the dilute 
acids, obtaining for the reaction }1I2(s)-+3Cle(g) =ICI(s); AH7 =6600 cal. as 
a mean of the two values 7400 and 5800 cal. This method is obviously so 
inaccurate that we can give it no weight whatever. His third method was 
to introduce a weighed amount of solid iodine into a glass-stoppered vessel 
containing chlorine of a volume calculated to be equivalent to the iodine 


10 Berthelot, Ann. chim. phys., [5] 21, 370 (1880). 
" Thomsen, Ber. 15, 3021 (1882). 
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added. It is practically certain that this method will give low results since 
the chlorine could not have been free from air. The value which he obtains 
in this way is 6800 cal. Subtracting the heat of fusion, 2500 cal., we obtain 
4300 cal. for the heat of formation of liquid ICI. 

Realizing the imperfections in Berthelot’s method, Thomsen repeated 
the direct determination using an improved method. He introduced a 
measured volume of chlorine into a weighed glass vessel containing a known 
weight of solid iodine, and checked the amount of chlorine added by deter- 
mining the increase in weight of the vessel. He finds by this method for the 
reaction =ICI(1); AZ7=5800 cal. This determination cer- 
tainly should not be in error by more than 500 cal. and we shall adopt it 
in the following. Berthelot’s mean value is evidently in error by about 
1500 cal. 

ICl(l) =ICl(g). Stortenbeker™ has made determinations from which we 
may readily obtain the vapor pressure of liquid ICI]. Interpolating from his 
tables on page 24, and correcting for the excess chlorine in the vapor, we 
obtain the figures in Table III. 


TABLE III 
Vapor pressure of ICI. 
Temperature (°C) 7.9 a7 2 30.0 80.3 
Pressure (mm Hg) 13 .8* 38.2 42.8 422.6 


*This value was obtained from Stortenbecker’s Table 11, page 23, assuming that Raoult’s 
law is obeyed for liquid solutions of I, in IC] and that the liquid contains only these components. 
Plotting log p against 1/T we obtain a straight line, the slope of which gives 
the heat of vaporization. ICI(1) =ICI(g); AH =9500 cal. 

$12(s) =3$12(g). For the heat of sublimation of I, Baxter, Hickey and 
Holmes" obtain from their own measurements 7270 cal. 

ICl(g) = $12(g) +3Clo(g). We may now calculate the heat of this reaction 
by combining the data just obtained as follows: 


ICI(1) = + AH= 5830 cal. 
ICl(g) AH = —9500 cal. 
31.(s) = ae): 7270 cal. 
ICI(g) = $1o(g) +3Clo(g); AH= 3600 cal. 


‘ 


It is evident that this value is in excellent agreement with the optical value 
3830 cal. obtained according to Process 1. However, in view of the un- 
certainty in such thermochemical data it seemed desirable to check this con- 
clusion in other ways, although it is unlikely that the values we have obtained 
should be in error by 2500 cal., the amount necessary to bring it into agree- 
ment with Process 2. Carefully performed, the experimental redetermination 
of the thermochemical data alone would suffice to decide between the two 
alternatives. 


; V. THe DEGREE OF DISSOCIATION OF ICI 
At 7.9°C, ICI is certainly stable since Stortenbeker finds the vapor 


_ pressure of the equilibrium liquid solution of IC] and I, to be 11 mm with 


2 Stortenbeker, Zeits. phys. Chem. 3, 11 (1889). 
3 Baxter, Hickey and Holmes, J. Am. Chem. Soc. 29, 127 (1907). 
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practically no dissociation in the gas phase. Actually his analysis of the 
vapor leads to an amount of iodine slightly in excess of the vapor pressure 
of solid iodine (0.055 mm) at this temperature, but this is certainly the 
result of experimental error. For the sake of argument let us assume that 
the equilibrium pressure of iodine actually is just equal to the vapor pressure, 
0.055 mm of the solid. This is clearly the upper limit. We have then K = 
0.055/11=0.005, whence AF=—RT In K=3010 cal., and by Process%1 
AS = (AH —AF)/T =(3830—3010)/284 =2.9 cal/deg. Since we have taken 
the upper limit for the iodine pressure this is an upper limit for AS, and 
therefore is quite compatible with the low value of AS which we would expect 
for reactions like this. By-Process 2 we have AS = (1320 —3010)/284 = —6.4 
cal/deg. This value is inadmissibly high, and would be still higher if the - 
iodine pressure actually were lower than 0.055 mm. 

In order to obtain a rough estimate of the amount of the dissociation at 
higher temperatures, the absorption tube containing ICI used in the experi- 
ments on the variation of intensity of absorption with temperature and 
containing ICI] at about 500 mm was again placed in the furnace and by 
visual inspection the iodine bands were found to be absent at low tempera- 
tures, but strongly in evidence above 200°C. Another absorption cell, 5.3 cm 
long, containing iodine at known vapor pressure was then placed in series 
with the ICI tube, and the intensity of the iodine bands was compared 
visually (a) when the ICI was below 200° (showing no iodine bands) and 
the I, vapor pressure was 1.6 mm (corresponding to about 46°C), and (b) 
when the I; vapor pressure was zero (liquid air) and the ICI was slightly 
above 200°C. The intensity of the bands was nearly the same in (a) and (b). 
Unfortunately the experiment as carried out is faulty since a small excess 
of chlorine in the ICI will displace the equilibrium considerably and make 
the iodine bands appear too faint. With proper precautions, however, this 
experiment should give conclusive results, but unfortunately time was not 
available for a repetition. 

Assuming that there was no excess chlorine in our rough experiment, 
we find K =0.53 X1.6/500 =0.0017, whence AF = RX 473 In 0.0017 = 60,000 
cal. 

Hence by Process 1, AS=(3830—6000)/473 = —4.6 cal/deg, and by 
Process 2, AS = (1320 —6000)/473 = —10 cal/deg. 

Even Process 1 gives too high a result, so that chlorine was probably 
present. A very large pressure of chlorine would have to be assumed, how- 
ever, in order to reduce the 10 cal/deg of Process 2 to a reasonable figure. 
In all three thermodynamic calculations Process 1 is to be preferred, and 
taking this fact in conjunction with the interpretation of Series C given on 
page 604, it seems difficult to avoid the conclusion that dissociation by light 
into normal unexcited atoms actually takes place with somewhat greater 
intensity than the dissociation into excited chlorine and normal iodine. 


LABORATORY, 
UNIVERSITY OF CALIFORNIA, 
July 16, 1927. 
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A SPECTROSCOPIC DETERMINATION OF e/m 
By WILLIAM V. Houston* 


ABSTRACT 


Rydberg constants for hydrogen and helium.—By an interferometer method the 
wave-lengths of the hydrogen lines at 6563A and 4861A were measured with reference 
to 45015.6750 of He as standard. The values so obtained were, for the doublet at 
6563A, 6562.7110+.0018 and 6562.8473+.0009; and for the doublet at 4861, 
4861.2800 + .0013 and 4861.3578 +0022. Similarly the wave-lengths of the 4686 lines 
of ionized helium were found to be 4685.7030 + .0012 and 4685.8030 + .0026. From 
these values of the wave-lengths the Rydberg constant for hydrogen, Ru is calculated 
to be 109,677.759+.008, and the Rydberg constant for helium, Rue, to be 109, 
722.403 + .004. 

Calculation of ¢/m.—The ratio of the mass of the electron to the mass of the 
hydrogen nucleus, m/my, is given by 

— my) = 1.33648(Rae—Ru 
The value of e/m is given in terms of the Faraday constant as e/m =(my/m)(F/muy). 
If the values of Ru and Rg, calculated above be substituted in these expressions and 
if it be assumed that F=96470 abamp. per gr. mol. and my =1.0072, it is found 
that e/m has the value (1.7606 + .0010) X 10’ e.m.u. per gr. 


ECAUSE of the accuracy attainable in spectroscopic measurements, 

a spectroscopic determination of a physical constant is usually preferable 
to any other kind. It has been known for some time that the value of e/m 
can be determined from purely spectroscopic measurements, but no single 
study has included all the measurements necessary in this determination. 
It is the purpose of this paper to describe a set of precision measurements 
made for this purpose. The work was done with a Fabry-Perot interfer- 
ometer and prism, combined in the usual manner. 


STANDARDS OF WAVE-LENGTH 


All measurements were referred to the helium line 5015 as a standard. 
Its wave-length was assumed to be 5015.6750 I.A., and the lines 6678 and 
4387 were measured with reference to it. It was necessary to make these 
measurements in order to ascertain the dispersion of the phase change 
which takes place upon reflection at the silvered surfaces. It-.was impossible 
to use the method of differences on the lines of hydrogen and ionized helium 
because the fine structure is such that only a short range of orders of inter- 
ference give the correct spacing of the components. And because the re- 
quired order of interference is not the same for the two elements, it is 
impossible to determine all the lines from the same plate. However, since 
the hydrogen easily appears as an impurity in the helium, it is possible to 
measure all the lines with reference to the same ultimate standard, 5015.6750. 

The lines 5015, 6678, and 4387 were selected because they are the only 
strong lines in this neighborhood which are strictly single and therefore 
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presumably symmetrical. These three wave-lengths can be determined by 
the method of differences. 

In using this method, it is necessary to take account of the temperature 
and barometric pressure under which the different exposures are made. 
This may be done as follows. Let be the standard wave-length and }’ 
the unknown wave-length, and let m be the order of interference of the 
standard and n’ that of the unknown. Let 6m’ represent the amount that 
must be added to the measured n’ to take account of the dispersion of the 
phase change. Let the subscript 1 refer to the orders of interference deter- 
mined with a different separation of the interferometer plates under different 
conditions of temperature, and let dX and dd’ be the changes in the two 
wave-lengths due to the changes in temperature and pressure. Then we may 
_write the fundamental equation of the interferometer for these two cases: 


n=(n'+én’)d’ 
= +n’) 
Taking the difference of these two equations and neglecting the small quan- 
tities of the second order gives 

The neglect of the quantities of the second order is justified by the fact that 
the small quantities of the first order rarely exceed 1/500,000 of the whole, 
and the total corrections determined in this way are never over 0.002A. 

By this method, fifteen values for 6678, taken as differences between ten 
photographic observations, gave a mean value of 6678.1484 I.A. with a mean 
deviation of 0.0008A. On the other line, twenty values taken as differences 
between fourteen observations, gave a mean of 4387.9290 I.A. with a mean 
deviation of 0.0030A. 

The order of interference was then determined from these adopted 
wave-lengths and compared with the observed. This showed the necessity 
of a correction of +0.0144 for 6678 and —0.0186 for 4387. The sign is chosen 
so that the correction is to be applied to the measured order of interference 
to get the one which can be compared with the order of interference of the 
line 5015.6750 by means of the equation nA=n’)’. 


To determine the correction for intermediate lines it was assumed that. 


the variation with wave-length is linear. This was justified in the case of 
the line 6563, since it is close to 6678. In the cases of 4861 and 4686 there 
was not the same justification, but the fact that the whole correction is 
smaller than one millionth of the orders of interference used would have made 
an error of even ten percent in the amount of the correction, less than the 
errors of measurement. 


MEASUREMENTS OF THE WAVE-LENGTHS 


The lines 6563 and 4861 were measured to determine the Rydberg 
constant for hydrogen. The hydrogen was present as an impurity in helium. 
The light was taken from the side of a tube, about 5 mm in diameter, im- 
mersed in liquid air. The tube was excited by a transformer giving from 20 
to 50 ma, while the total pressure varied between 0.5 mm and 2.0 mm. The 
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orders of interference were so adjusted that one component of the doublet 
was equally spaced between adjacent orders of the other component. This 
eliminated the errors due to the overlapping of the components. This 
adjustment can be made approximately for both lines at the same time, but 
not for the 4341 line. Hence this line was not included in the results. Table I 
gives the values determined for these two lines. They average about 0.003A 


TABLE I 
Wave-lengths of the hydrogen lines. 


Plate Wave-lengths 
1 6562 .7129 6562 .8477 4861.2815 4861 .3605 
2 . 7088 .8400 .2782 .3561 
3 .7136 .8483 .2800 .3563 
4 7088 . 8464 .2786 .3555 
5 .7108 8480 .2816 .3607 
Means 6562 .7110 6562 .8473 4861 .2800 4861 .3578 
Mean deviation .0018 .0009 .0013 .0022 


deviation. 


drop of about 800 volts. 


less than the values previously published.! The difference is at least partly 
due to the difference in standards, since these values are surely correct, with 
reference to the standards used. within an amount of the order of the mean 


The helium line 4686 was produced inside a hollow cathode about 10 cm 
long and 2.5 cm in diameter. A 1 cm copper rod extended from the cathode 
into a flask of liquid air outside the tube. This somewhat cooled the cathode 
and had some effect in making the lines narrower. The tube was excited by a 
direct current generator, and was operated at about 265 ma with a potential 


The complicated structure of this line, 4686, introduces some difficulty 
into its measurement. The spread of the components is so great that it is 
impossible to prevent the overlapping of orders when any reasonable resolving 
power is used. However, the distribution of intensities makes it possible 
largely to avoid the difficulties introduced by the overlapping. As has been 
theoretically predicted by Sommerfeld and Unsdéld,? and observed by 
-Paschen® and others, the line consists of two strong components, one of 
intermediate strength, and others which are faint. Thus, if a short exposure 
is used, only the two strong components will appear. Of course, the other 
components will shift the positions of the maxima slightly, and the inter- 
mediate component will have a considerable effect, but this can be mini- 
mized by selecting suitable orders of interference. No plates were used 
except those on which the intermediate component was fairly symmetrically 
situated with respect to the stronger ones, and a series of orders of inter- 
ference were used so that the effect of the other components would average 
out. That these effects were actually present can be seen in the variations 
in the values of the separation of the two strong components. Some of these 

1 Houston, Astrophys. J. 64, 81 (1926). 


2 Sommerfeld and Unsdld, Zeits. f. Physik 38, 237 (1926). 
* Paschen, Ann. d. Physik 82, 689 (1927) and references there. 
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are too high and some too low, but the mean is very near the theoretical 
value. It is also noticeable that the weaker component, 4685.8030, is the 
more strongly affected. Table II gives the results of these measurements. 


TABLE II 
Wave-lengths of the 4686 lines of ionized helium. 


Ay Ae 
4685 .7012 4685 .7967 
12 .7050 .8010 .0960 .9221 
13 . 7008 .8022 .1014 .9502 
14 .7039 .8051 .1012 1.0966 
15 . 7037 -8031 .0994 1.0964 
16 .7035 . 8065 .1030 1.1011 
17 .7028 . 8063 .1035 1.1598 
Mean 4685 .7030 4685 .8030 . 1000 
Mean deviation .0012 .0026 .0026 


In this table the last column headed Avy gives the separation of the orders in 
terms of wave-number units. This makes it possible to determine the 
distribution of the components among the overlapping orders. 

These mean values are probably slightly low on account of the standards 
used, in the same way that the hydrogen lines are probably slightly low. 
If they are increased a little they lie between the values given by Paschen. 
In his first work Paschen‘ gives the separation between these two components 
as 0.106A, while later* he finds from a microphotometer curve that it is 
0.098A. If the latter is taken as correct it is evident that at least one of the 
wave-lengths must be changed, and it seems reasonable to change the 
weaker by the larger amount. Furthermore, Paschen used the helium 
line 4713 as a standard. This line is now known to be double and unsym- 
metrical and therefore somewhat unsuitable for a standard. Considering 
these things, it may be concluded that thesé values are not in essential 
disagreement with the general scheme of Paschen’s measurements. 

While all these values may be slightly low with reference to the cadmium 
standard, the hydrogen and helium lines are correct with reference to each 
other within an amount of the order of the mean deviations. It is this relative 
accuracy which is necessary for the determination of e/m. 


EVALUATION OF THE CONSTANTS 


Throughout this work the relativity equation of Sommerfeld is assumed 
to apply exactly. This does not represent the neglect of the spinning electron 
theory or the new wave mechanics, because these theories together seem to 
give exactly the equation of Sommerfeld.’ Furthermore, the agreement of the 
Rydberg constant, computed by this equation, from the first three lines 
of the Balmer series, shows the very exact experimental applicability of this 
equation, apart from the various theoretical ways of deriving it.® 

* Paschen, Ann. d. Physik 50, 913 (1916). 


5 Richter, Proc. Nat. Acad. 13, 426 (1927), and references. 
® Houston, Phys. Rev. 29, 748 (1927). 
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To apply this equation, it is necessary to know the wave-lengths of the 
individual components of the fine structure. For this purpose the hydrogen 
line 6563 was examined with the compound interferometer.’ Fig. 1 shows a 
microphotometer curve from a plate taken with this instrument. The 


Fig. 1. Microphotometer curve for Ha. 


asymmetry in the shorter wave-length component is so pronounced that it 
is possible to determine the position of the third component which is causing 
it. This is the component predicted by the theory of Sommerfeld and 
Unséld, and which has previously been inferred from the displacement of 
the maximum.! The asymmetry has also been observed by Hansen,* and 
by Kent, Taylor, and Pearson.® Because of this asymmetry, only the long 
wave-length component is used in the computation of the Rydberg constant. 

However, although this long wave-length component appears symmetrical 
in the figure, the theory requires that it also shall be multiple, and consist 
of one strong and two weak components. If we assume the distribution of 
intensities predicted, we can correct the position of the observed center 
of gravity to the position of the strongest component. Table III gives the 
results of this correction and the values of Ry. The uncertainty in the 


TABLE III 
Computation of Ru 
A(air) Cor. Ru Wt. 
6562 .8475 15233 .0888 + .0056 109677 .754+ .015 3 
4861 .3678 20564 .6§82 + .0024 109677 .775 + .050 1 
Mean 109677 .759 + .008 


individual values is equivalent to the mean deviation of the observed wave- 
lengths, while the uncertainty of the means is merely the mean deviation. 

In He 4686 the two strong components were identified with the com- 
ponents Ia and IIb. With this identification the values of Ru, are given in 
Table IV. 


7 Houston, Phys. Rev. 29, 478 (1927). 
8 Hansen, Ann. der Physik 78, 558 (1925). 
® Kent, Taylor, and Pearson, Phys. Rev. 30, 266 (1927). 
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TABLE IV 
Computation of Rue 
X(air) v(vac.) Rue Wt. 
4685 .7030 21335 .5622 109722 .406 + .028 2 
4685 .8030 21335 .1070 109722 .397 + .061 1 
Mean 109722 .403 + .004 


These mean deviations can hardly be taken as representing the precision 
of the values of R, and yet it seems reasonable to believe that, relative to 
each other, these values are correct within 0.020. Of course, the actual error 
from the correct value based on the cadmium standard is probably larger, 
perhaps of the order of 0.050. 

The difference between this value of Ry. and that given by Paschen 
is due to the fact that his value gave more weight to his component 4685.809 
than to his component 4685.703. From these two Rydberg constants it is 
possible to determine the ratio of the mass of the electron to the mass of the 
nucleus. We have 


Rue= R./(1+-m/mye) and R,/(1-+-m/my) 


where m is the mass of the electron and my and my, are the masses of the 
hydrogen and helium nuclei respectively. 

The atomic weight of helium is 4.0001'° from which my,.=3.9990, 
and the atomic weight of hydrogen is 1.0077" from which my =1.0072. 
In these units the mass of the electron is m =0.00054. Using these values it 
can be shown that 


m/my = (Rue— mu) = 1.33648(Rue— Ru)/Ru- 


Then e/m=(my/m) (F/my) where F is the Faraday constant which is 
96470 absolute amperes per gram molecule. With these values we have 


e/m= 1.7606 +.0010 X 10’ E.M.U. per gram. 


This value agrees with that found by Babcock” from Zeeman effect 
measurements. However, the Zeeman effect method is subject to some criti- 
cism on account of the empirical nature of the Runge denominators. 

From Ry and m/my we have R=109737.424+.020, from which, if 
e=(4.774+.005) X10-"°, we have that h=(6.557+.008) Most of 
this uncertainty in h is due to the uncertainty in e. 

This value of h gives the value of the fine structure constant a? = 5.307 
and Avy = 0.3638 

This precise determination of e/m, together with its close agreement with 
Dr. Babcock’s value, makes this quantity the most accurately known factor 
in the Rydberg constant. 

NorMAN BrIDGE LABORATORY, 


CALIFORNIA INSTITUTE OF TECHNOLOGY, 
July 29, 1927. 


10 Baxter and Starkweather, Proc. Nat. Acad. 12, 699 (1926). 
11 International Critical Tables. 
® Babcock, Astro. J. 52, 149 (1923). 
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THE IONIZATION OF HCI BY ELECTRON IMPACTS 


By Henry A. Barton* 


ABSTRACT 


Analysis of the nature of the ions formed in HCl by electron impact.—For the 
purpose of supporting the Born crystal grating theory the assumption has generally 
been made that the observed ionization potential of HCl was a measure of the amount 
of energy required to split an HCI molecule into an H* and a Cl- ion. Recent indirect 
experiments have cast doubt on the correctness of this assumption. The work here 
described was undertaken to determine with the aid of a mass spectrograph, the actual 
products of electron impact ionization in HCI. In the first experiments, the following 
types of ion were observed: H*, H2*, (H.O)*, (HCI)* and Cl,*. The last type, Cl.* 
was only observed with high pressures and is thought to be a secondary product. 
It was found that the hot tungsten filament in the HCl vapor produced molecular 
hydrogen in quantities sufficient to account for the hydrogen ions. To be certain no H* 
ions were produced by impacts with HCI molecules, and also to establish the identity 
of the (HCI)* ions, a new apparatus was built. The resolving power obtained was 
sufficient to show that the peak ascribed to (HC1)* consisted, in reality, of four peaks 
corresponding to the ions (CI*)*, (HCI*)*, (CI57)*, and (HCI*")*, the isotopes being 
for the first time evident. The Cl* ions and the hydrogen ions were observed to 
decrease in number relative to the (HCI)* ions with time after each evacuation in the 
same manner as the (H,O)* ions decreased. It was concluded that the water vapor 
coming off the walls was in some way responsible for these ions, probably aiding the 
production of molecular hydrogen at the filament. In test runs with pure water vapor, 
and with HCl after several weeks time had been given the water vapor to disappear, no 
hydrogen ions were observed. 

In experiments with negative ions, it was found that Cl- ions were formed in 
numbers relatively large, chiefly near the filament. They did not require impacts of 
; more than 3 volts for their formation, if they required impacts at all. There seemed to ° 

be no connection between the Cl- ions and the 13.8 volt ionization potential. The 
(HCI)* ions appeared at a minimum potential of 13.3 +1.5 volts, considered to be in 
agreement with the 13.8 volt value given by others. The H* ions appeared at 16 +1.5 
volts, about the same voltage as is required for their appearance in pure molecular 
hydrogen. 

The results all point to the conclusion that W+HCI-—(HC1)*++e is the process 
by which electron impacts ionize this gas, and that the process W+HCI->H*t+Cl- 
does not occur. A general discussion of the breakdown of molecules is given. 


OR some years Born! and many others, notably Grimm and Herzfeld,' 
have made profitable use of thermochemical cycles to calculate unknown 
properties of various substances from other known properties of the same 


* National Research Fellow. 

1 The most recent surveys of the field are given by M. Born, Problems of Atomic Dynamics, 
M. I. T., Cambridge, Mass. (1926), pp. 168-171; and by J. Franck and P. Jordan, Anregung 
von Quantenspriingen durch Stésse, p. 278. See also K. T. Compton and F. L. Mohler, Critical 
Potentials, Bull. Nat. Res. Council, vol. 9, No. 48 (1924), pp. 112-114. Some of the original 
references are: Haber, Verh. d. D. Phys. Ges 21, 750 (1919); M. Born, same, 21, 13 and 679 
(1919); H. G. Grimm, Zeits. f. Phys. Chem. 102, 113, 141, and 504 (1922); H. G. Grimm and 
K. F. Herzfeld, Zeits. f. Physik 19, 141 (1923). 
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or similar substances. Such work had its inception in the success of the well 
known electrostatic theory of crystal ionic lattices, due chiefly to Born,! 
which made it possible to calculate the grating energy U needed to separate 
all of the ions of a crystal to infinity. This quantity in the cycle of Fig. 1, 
together with the known heat of combination Qyac: of solid sodium and 
gaseous chlorine, the heat of sublimation Sy, of sodium, the heat of dissocia- 


[Na]+ 4(c1,) [acl] 


Swe +Dei | 
Txa 

N Cl)———(Nat*) +(Cl- 

(Na) +( at)+(CI-) 


Fie. 1 


tion Dc; of chlorine gas, and the ionization potential Jy, of sodium, per- 
mitted the calculation of Ec; the electron affinity of gaseous atomic chlorine. 
Evidently then if this last quantity could be derived by an independent 
method it would furnish a desirable experimental check of the fundamental 
crystal grating theory and of the validity of conclusions based on such 
thermochemical cycles. 

The possible existence of an “electron affinity spectrum’ gave promise 
that a direct measurement of the affinity might be made in a way analogous 
to the spectroscopic determination of ionization potentials. So far, however, 
no spectrum has been discovered which is certainly (or even probably) 
due to electron affinity.* There remained for the calculation of Ec; only 
another cyclic method which is shown in Fig. 2. In this cycle the quantities 
Quci, Du, and Dc: were known approximately. Jy was, of course, known both 


Du| +De | Xue 


Ty 
H Cl)——(H* 
(H)+(C)— + (Cr) 
Fic. 2 


from spectra and from ionization potential experiments. The further assump- 
tion had to be made that Xyc: was identical with the ionization potential 
measured in the electron impact experiments of Foote and Mohler,‘ Knip- 
ping,® and MacKay.® 


? J. Franck, Zeits. f. Physik 5, 428 (1921). 

3 J. Franck and P. Jordan, Anregung von Quantenspriingen durch Stisse, pp. 279, 280. 

4 P. D. Foote and F. L. Mohler, J. Am. Chem. Soc. 42, 1832 (1920). 

5 P. Knipping, Zeits. f. Physik 7, 328 (1921) corrected according to J. Franck, Zeits. f. 
Physik 11, 155 (1922). 

*C. A. MacKay, Phil. Mag. 46, 828 (1923); Phys. Rev. 23, 553 (1924). 
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With the data available several years ago for the several quantities in the 
cycles referred to, the agreement of the two resulting values for Ec, was 
sufficiently good to be accepted generally as a confirmation of theory. 
However, the best revised values at present available for the same quantities 
lead to considerably different values for Ec;. Moreover, recent experiments 
of Barker and Duffendack’ and of Mohler’ have cast strong doubt on the 
validity of the assumption that X yc is identical with the ordinary measured 
ionization potential. These experiments indicated that the process of 
impact ionization did not involve any dissociation of the molecule and left 
the alternative probability that the positive ions produced were (HC1l)+ 
ions. There is, of course, no reason to expect that the energy required to 
produce an ion of this type is the same as that required to produce H+ 
and CI-. 

The desirability of a direct experimental investigation of the nature of 
the ions produced by electron impact in HCI vapor was obvious. The present 
paper describes such an investigation using the method due principally to 
Smyth by which the gas ions resulting from electron impact are subjected 
to electromagnetic analysis before their presence is detected. 


First EXPERIMENTS?® 


Apparatus and method. The experimental tube and auxiliary apparatus 
at first used (at Princeton) were those described by Smyth'® and employed 
by him for a study of ionization in hydrogen, and later by the writer" for a 
similar study with argon. The method of procedure was exactly the same as 
that described in the papers referred to. The tube worked best with gas 
pressures in the ionization chamber ranging from 0.003 to 0.05 mm, such 
pressures being generally higher than those used in later experiments. It was 
found that the HCl vapor attacked the oxide coating necessary for platinum 
filaments but tungsten filaments were quite satisfactory and were used 
throughout. 

The HCl vapor was prepared by dropping conc. H2SQ, into strong aq. 
HCl. The gas was dried by bubbling through two bottles of Hz SO, and final 
storage over P.O;. From time to time the stored gas was frozen in a liquid 
_air trap and the initial and final products of the subsequent evaporation were 
discarded. The usual method of slowly admitting the gas into the exhausted 
tube through a fine capillary was employed without difficulty. The only 
differences in operation between HCI and more inert gases was traceable to 
surface effects on the walls of the vacuum system. Some of these were 
inconvenient but did not constitute insuperable obstacles. For example, when 
the HCI was first admitted most of it was adsorbed on the walls. It was only 


Ef 7 E. F. Barker and O. S. Duffendack, Phys. Rev. 26, 339 (1925). 

®* F. L. Mohler, Phys. Rev. 26, 614 (1925). 

* H. A. Barton, Phys. Rev. 25, 890 (1925) A. 

10H. D. Smyth, Phys. Rev. 25, 452 (1925); see also Proc. Roy. Soc. A102, 283 (1922); 
A104, 121 (1923); A105, 116 (1924); and Jour. Franklin Inst. 198, 795 (1924). 

" H. A. Barton, Phys. Rev. 25, 469 (1925). 
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after 20 or 30 minutes that anything like an equilibrium was reached and a 
steady pressure maintained in the space. 

Results and conclusions. Fig. 3 shows mass spectra typical of those ob- 
tained in all of the early experiments. The peak of lowest m/e value in the 
range covered by the run of Fig. 3(a) is undoubtedly due to water, either 
(OH)+, (H,O)+, or both. This peak was always the most marked of all in 
runs taken soon after evacuation. However, as the tube stood for some 


{20- (HC1)* 


8 


(H,0)* (CO,)* 


Electrometer current 


3.3 


20 30 40 50 60 70 60 
m/e 


Fig. 3. Typical mass spectra. The pressure in Case (a) was 0.035 mm and that in Case (b), 
0.013 mm. 


hours continually exhausted, the water peak diminished relative to the others. 
It is probable that the water vapor came from adsorbed layers on the glass 
and metal walls of the tube and that this supply was gradually used up. 

The ions of about twice the mass of water shown by the second peak in 
Fig. 3(a) were assumed to be (HCI)+ ions although it could not be proved 
that they were not partly or entirely Cl*+ ions. The resolving power was not 
sufficient to separate the isotopes (HCI**)+ and (HCI*”)+. 


400 
a 
¥(HC1)* 
b 
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A smaller peak of m/e approximately equal to 45 is possibly (COs)*, 
present because stop-cock grease and de Khotinsky joints were used. This 
peak, when detectable at all, was always small compared to the (HC1)* 
peak. 

The peak of largest m/e is due to ions having a mass about twice that of 
HCl. Cl,+ is suggested, although the mass could not be determined accurately 
enough to distinguish Cl.+ from some such possible composition as (H2Cl.)+. 
Later, experiments were made with improved resolving power and a more 
accurate m/e scale to determine the composition, but the peak was then no 
longer present, probably because of the lower gas pressures which had to be 
used. In the early experiments it was observed that the prominence of this— 
peak relative to the others depended markedly on pressure. Except at high 
pressures, it was scarcely present at all, as is show by a comparison of the 
spectra (a) and (b) of Fig. 3, the latter taken at a pressure about a third of 
that of the former. 

Another characteristic of this peak was that when the field serving to 
draw the positive ions out of the ionization chamber was increased, the size 
of the peak decreased more rapidly than that of the others. This and the 
pressure characteristic mentioned indicate that the corresponding ions were 
due to secondary and relatively unstable associations. That is, it is supposed 
that when the free path was small (at high pressures) the primary ions due to 
the electron impacts may have come into association with neutral molecules 
or other ions to form heavy ions such as those observed. If, however, the 
primary ions were drawn more rapidly out of the high pressure space, such 
associations were less likely to occur. Also the associations themselves, if 
they were relatively unstable, were more likely to be broken up when they 
were drawn rapidly through the gas. 

Hydrogen ions. In addition to the mass spectra thus far discussed, others 
were taken with a much weaker magnetic field so as to cover a region of 
smaller m/e values. The only new ions found were the same as those which 
Smyth!’ and Hogness and Lunn” observed in hydrogen, namely, H*, He", 
and H;*. Of these, the last were not numerous and were not studied further. 

In view of the possibility that the products of electron impact in HCl 
were H* and CI-, the presence of H+ was not surprising but that of H:+ was 
unexpected. It was, of course, not possible to account for Hz*+ ions from single 
HCI molecules on the basis of simple electron impacts alone. Some other 
process must have been responsible and it was at first thought that some of 
the types of ion observed, including H2*, were due to secondary effects of the 
sort already mentioned and discussed more fully by Smyth!®, namely, com- 
binations or break down of primary ions. An attempt was therefore made 
to bring out the secondary types of ion in the present case by increasing the 
pressure and thus the number of encounters of the primary ions which might 
lead to formation of secondary ions. In Fig. 4 are curves showing the varia- 
tions observed in the numbers of the several types of ion as the pressure was 
gradually increased to a final value nine times the original. Although the 


2 T. R. Hogness and E. G. Lunn, Phys. Rev. 26, 44 (1925). 
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hydrogen ions were relatively few, they appeared at lower pressures than did 
the heavy ones. This fact, in the case of H+, suggested that this type of ion 
was a primary product and favored the process W+HCI—H+-+Cl- as the 
primary action of electron impacts in HCl. 

On the other hand, the H.+ peak was even more marked at low pressures 
than H+. This suggested that the H,+ type was likewise a primary product, 
which could only mean that some gas having at least two atoms of hydrogen 
in its molecule was available in the tube for electron impact. Water vapor and 
molecular hydrogen were possibilities. Further experiments pertinent to this 
question will be discussed presently. 

Thus it seemed that the hydrogen ions were primary and the two heavier 
ions secondary since the latter did not appear (cf. Fig. 4) until relatively 
higher pressures were reached. It was difficult, however, to understand 
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Fig. 4. Curves showing the effects of varying the pressure on the several types of ion. 


how any secondary products could be so pronounced in comparison with the 
primary products as these were. 

Chemical action at the filament. To throw further light on the source of 
the hydrogen ions recourse was had to a somewhat different type of experi- 
ment suggested by similar work on the part of Barker and Duffendack.’ 
To understand this it is necessary to recall that, during operation of the 
apparatus, the HCl was admitted continuously and pumped out at two 
places by single-stage diffusion pumps. One two-stage diffusion pump backed 
these up so that all of the gas fron the apparatus passed through it. The gas 
was then removed by a Cenco oil pump. 

For the present experiment, a stop-cock was placed in the outlet tube of 
the two-stage pump. When this was closed the gas discharged accumulated 
in the small space between the pump and the stop-cock. The pressure in this 
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space was observed with a manometer and, under ordinary conditions, rose 
fast enough for the increase to be measured in mm after a few minutes. The 
rate of rise was then observed for several different conditions as shown in the 
following progressive schemes, where each new condition was added to those 
already operative: 


Conditions Rate of pressure rise 
First Series 
1. Filament off. HCI not being admitted 8.0 mm/hr 
2. HCl being admitted 75.0 
3. Traps between apparatus and pumps immersed in quid air 5.9 
4. Filament hot. 8.9 
Second Series 
1. Filament off. HCI not being admitted. Liquid air on traps 5.7 mm/hr 
2. Filament hot 5.7 
3. HCl being admitted 9.1 
4. Filament off 5.8 
5. Filament hot 9.1 
6. 26.5 volts applied to emitted electrons 9.5 
7. Voltage off 8.9 
8. Voltage on 9.1 
9. Voltage and filament off. 5.7 


It will be seen that the first series of observations gave, first, a measure of 
the rate at which gas leaked into the apparatus or was evolved from the walls, 
and second, a measure of the rate of inflow of HCl. The latter rate was kept 
constant throughout the experiment. The third test of the series showed that 
the liquid air traps were effective in condensing all of the HCl, the rate 
of pressure risé being, in fact, slightly less than the previously measured leak- 
age. The increased rate of the fourth test indicated that, when the filament 
was hot, a gas was produced which could pass through the liquid air traps 
without condensing and appear in the pump discharge. 

The first two tests of the second series showed that the non-condensible 
gas was not given off by the filament in the absence of HCI. The third, fourth, 
and fifths tests confirmed its production by the hot filament in the presence of 
HCl. The remaining tests showed that very little, if any, more non-con- 
densible gas was produced when the electrons emitted by the filament were 
accelerated by a voltage well above the ionizing potential. 

To summarize, it is concluded from this experiment that the HCl in the 
presence of the hot tungsten filament underwent some chemical action result- 
ing in the formation of a new gas not readily condensed at the temperature of 
liquid air. This gas was undoubtedly hydrogen and its presence is sufficient 
to account for all of the hydrogen ions observed. This discovery not only 
explained nicely the unexpected presence of the H+ ions, but also made 
unnecessary any assumption as to a relationship (e. g. primary-secondary) 
between the hydrogen ions and the (HCI)* ions. It thus becomes possible 
to regard the (HCI)+ ions as primary ions whose abundance increased with 
pressure simply because the number of HCI molecules available for impact 
increased. This view avoids the previous difficult assumption that secondary 
products could so greatly exceed primary products of ionization in number. 
It should be noted that the “Cl,+” ions were always fewer in number than 
the (HCl)* ions so that they may still be regarded as secondary products. 
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The relationship between the two pressure curves for H,+ and H?* in Fig. 
4 is the same as that observed in pure hydrogen by Smyth. It is likely, there- 
fore, that the H+ ions, as well as the H.*+ ions, came from Hz molecules. To 
achieve the purpose undertaken in this research, however, it was necessary 
to go further and establish whether or not any at all came as primary ions 
from HCI molecules. It was also necessary still to identify positively the 
ions heretofore designated (HCl)+. These objects were attained in a second 
series of experiments carried out (at Harvard) with an entirely new appratus. 


SECOND EXPERIMENTS" 


Apparatus and method. The principles involved in the operation of the 
new tube were exactly the same as in the old. The construction, however, was 
quite different. It may best be described from the scale drawing of Fig. 5. 
The two main vertical portions of the tube were of glass, these being fitted 
together by a ground joint as shown. The inner portion carried the filament 
supported by leads sealed through the glass, and the nickel thimble-shaped 
electrode shown around the filament. The outer portion was cemented to the 
metal part of the tube and carried at its lower end a nickel disk slitted as 
shown. The parts of the tube below this disk were of brass except for the iron 
cup-shaped piece marked Fe which was provided to shield the ions from stray 
magnetic field during their acceleration. The heavy black horizontal lines 
in the figure represent the walls of a length of square-drawn seamless brass 
tubing viewed from the side. This was closed at the ends by brass fittings 
soldered to it. At the left the fitting was merely an outside square flange 
providing a surface to which a brass closing plate could be cemented with de 
Khotinsky cement for easy removal. At the right the outward extension of a 
square plug was turned to receive a glass tube (not shown) joined with 
cement. 

The two sockets on top of the box thus formed were turned from brass and 
soldered to the surface of the box after holes had been drilled in the latter at 
S: and S;. In the right socket the iron cup supported the brass slit jaws. 
The screw holes were large enough so the cup as a whole could be turned 
slightly and the jaws could be adjusted for any slit width up to 1 mm. A 
similar arrangement was provided in the left socket except that a brass disk 
replaced the iron cup. A brass tube was soldered into a hole in the side of the 
right socket and cemented at its outer end to a glass tube not shown. 

All joints were soldered except those marked W which were cemented, 
usually with de Khotinsky cement. In some cases a German cement called 
Picein was used and proved more satisfactory for glass to metal joints which 
were difficult to heat. 

The broken line within the brass box shows a cross section of two thick 
blocks of soft iron so placed as to extend effectively the pole pieces of the 
electromagnet toward one another inside the tube. The air gap between the 
inner faces of these blocks was about 3/8” long. 


13H. A. Barton, Phys. Rev. 29, 44 (1927); Nature, 119, 197 (1927). 
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The nickel electrode labelled G was used to set up the field V; accelerating 
the electrons from the filament. This electrode could have been made of 
gauze but it was found that the shielding it provided against the stray 
field of the magnet was of great advantage. The electrons passed through the 
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Fig. 5. Second apparatus. 


open slit. Ions were drawn down by the small field V2 and those passing 
through S; fell through the analyzing field V3- V2 was usually six volts while 
Vs was varied from 100 to 360 volts. The magnetic field was kept constant 
during arun. For various purposes magnetic field strengths of from 600 to 
5500 gauss wereemployed. _ 
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This tube differed from that of Smyth previously used in that the ions 
passed through two instead of three slits before entering the magnetic field. 
This increased the number of ions getting through, and consequently, the 
overall sensitivity of the apparatus. Great care was taken to adjust slits 
S: and S; parallel to one another and perpendicular to the line joining them. 
A cross hair microscope mounted on the carriage of a lathe facilitated the 
making of this adjustment, the box being clamped to the lathe bed. The 
high resolving power attained was doubtless due to the care taken in this re- 
spect. 

A second difference from the previous tube lay in the fact that smaller 
pressures had to be used for most satisfactory results. This was probably due 
to the greater width of slit S; which made impossible the maintenance of a 
low pressure in the analyzing portion of the tube if the pressure in the 
ionization chamber was high. However, the wide slit permitted more ions 
to pass through thus contributing to the sensitivity. 

The auxiliary apparatus was very much like that used in the first experi- 
ments. So also was the experimental procedure. The feathered arrows in 
Fig. 5 indicate how the gas flowed through the tube. The use, at each outlet, 
of a diffusion pump designed rather for speed than for high vacuum avoided 
the necessity of providing a third diffusion pump for backing, the discharge 
being taken directly by a Cenco oil pump. 

The receiving electrode R, made of brass, was supported by quartz for 
efficient insulation. In the previous apparatus, the lead from the receiving 
electrode to the electrometer was sealed through the glass walls of the tube 
with the result that the electrical leakage over the glass surface during very 
humid weather was sufficient to prevent operation. In the new apparatus this 
lead touched nothing but carefully cleaned quartz, the improvement thereby 
effected being so marked that weather conditions never had the slightest 
effect on the operation of the electrometer. 

For further more detailed description of apparatus of this sort, as well as 
of its uses and operation the reader is referred to the papers cited.'® "' @ 


RESULTS AND CONCLUSIONS FROM SECOND EXPERIMENTS 


Preliminary mass spectrum runs with the newapparatus showed definitely 
only the two principal peaks of those present in previous runs like those of 
Fig. 3. Thus the water and (HCl)* ions were again in evidence but the peak 
supposed to be due to Cl,+ was absent. Nothing more than a doubtful trace 
of this type of ion was ever observed with the new tube. This is in accord with 
the previous suggestion that such ions were secondary products and therefore 
required for their appearance greater pressures than were used in the new 
apparatus. 

Identity of principal ions. One of the chief results of the second experi- 
ments has to do with the nature of the principal peak, supposed due to 
(HCl)+. After considerable adjustment of conditions the resolving power 
of the apparatus was developed to a maximum and curves such as those in 
Fig. 6 finally obtained. The figure shows two typical mass spectra covering 
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the small range occupied by the heretofore unresolved principal peak. It 
will be seen that there are visible certainly three and probably four com- 
ponent peaks whose relative spacing, as calculated from the V3 values at 
which they were obtained, indicates that the mass of each successive ion 
exceeded that of the previous by the mass of one hydrogen atom. The 
accuracy of the experiment was not sufficient to be sure that the m/e scale 
is correct as shown or should be displaced one or two units to the right or 
left. The nature of the peaks themselves, however, leaves little chance for 
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Fig. 6. Typical mass spectra with high resolution. The range covered is that of the princi- 
pal peak in Fig. 3. The ions here are shown to be (HCI)* and Cl*, each having the expected 
two isotopes; thus, from left to right, the peaks represent (CI)+, (HCI®5)*, and (HCI*”)* 
ions respectively. 


error in identifying the corresponding ions. The known abundance-ratio of 
approximately 3:1 for the isotopes of chlorine, Cl*:ClI*’, appears between 
the first and third, and between the second and fourth ions (reading from 
left to right) and hence identifies these pairs as isotopes of the same ion 
respectively. With this established it is obvious that the heavier ion (second 
and fourth peaks) is the more abundant. It can hardly be doubted that this 
ion is (HCI*) and the less abundant ion Cl+. All of this confirms the placing 
of the m/e scale in Fig. 6 and justifies the previous supposition that the 
heretofore unresolved peak consisted principally of (HCI)* ions. 
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Parenthetically it is worth mentioning that this is the first quantitative 
determination of the abundance-ratio of the chlorine isotopes. That is, it is 
free of the assumption necessarily made in calculating the same ratio from the 
chemical atomic weight that no other isotopes exist. However, Aston’s'* 
work left little doubt of the correctness of this assumption and the present 
work likewise supports it. The average ratio observed by the writer was 
2.8:1 agreeing, within the rather broad limits of experimental error, with the 
calculated ratio 3.35:1. 

Hydrogen ions. Examination was again made of the low mass ions present 
and H+ and H;* ions found as before. Again the H2* ions were usually the 
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Fig. 7. Curves showing the effects of varying the pressure in the second experiments. 
Compare with Fig. 4. 


more abundant of the two. Several different investigations of the effect of 
varying pressure were made, one of these being shown in Fig. 7. In all cases, 
the result was the same as that found before, namely, that the (HCI)+ 
ions increased with pressure and the hydrogen ions remained sensibly con- 
stant. Owing to the resolution of the main peak it was now possible at low 
pressure to compare the CI* ions with the (HCI)* ions. This comparison was 
limited as the pressure became higher (about 0.002 mm) because the scatter- 
ing of the positive ion beam destroyed the resolving power and the peaks were 
no longer separated. One set of mass spectra taken at five different pressures — 
from 0.0004 to 0.0023 mm indicated roughly that the (HCI)+ and Cl* ions 
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increased with pressure without changing their relative ratio. This range is 
so small that no certain conclusions can be drawn. 

Factors governing the relative numbers of the several types of ton. It was 
noticed that the abundance of the Cl+, H.*+, and H?* ions relative to the 
(HCl)+ ions varied markedly from day to day without apparent regularity. 
On recapitulation of several months work, however, it was discovered that 
the governing factor was the length of time since the system had last been 
open to the air. For example, the only two runs showing the Cl* nearly as 
high as the (HCI)*+ peak were taken shortly after evacuation. The effect 
was much more marked in the case of the hydrogen ions as may be seen from 
the comparison in Fig. 8. The first set of curves was taken not more than three 
hours after the apparatus had been closed up and pumped down. The second 
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Fig. 8. Comparison of relative number of ions 3 hours and 27 hours after the tube 
was closed and evacuated. 


set was taken about 24 hours later, the tube having been kept evacuated 
meanwhile. Conditions of pressure, electron current, etc. were the same 
except that in the second set of observations the potential V; was higher. 
This would not have affected the ratio of the peak heights materially. 

As was to be expected, the peak ascribed to (H2O)* also decreased with 
time as the adsorbed water vapor on the walls of the tube was used up. 
It took weeks for this peak to become really small, owing probably to the 
fact that it was not possible to bake the tube out. The similar behavior 
of the hydrogen peaks is not thought to be due to adsorbed hydrogen since 
it is difficult to understand how a new supply could be obtained every time 
the air was let in. The conclusion reached is that the hydrogen ions depend 
on the presence of water vapor, and this is probably related to the earlier 
conclusion that both a hot filament and the presence of HCI were necessary 
for the production of hydrogen gas. 

It was important to test these conclusions both because of their own 
interest and because of the uncertainty the presence of hydrogen ions 
introduced in the experimental quest for the true impact ions from HCl. 
Two of the three conditions apparently concerned in the production of hydro- 
gen or hydrogen ions in these experiments could be controlled. Thus, it 
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was possible to observe the ions produced (1) from residual water vapor 
with the HCI shut off, and (2) from HCI alone after the apparatus had stood 
for weeks until practically all the adsorbed water had disappeared. Such 
observations were made and, as was expected, in both cases the hydrogen 
ions were absent or so few in number as to be difficult or impossible to detect. 

Conclusions from positive ion experiments. It will be seen at once that the 
latter of these two observations partly answered the purpose of the research. 
That is, it showed that in pure HCI, under low pressure conditions favorable 
for the appearance of primary ions, Ht ions were not observed. The Cl* 
ions, on the other hand, could not be so easily disposed of as they were never 
entirely absent even though dependent somewhat on the presence of water 
vapor. It can be said that the Cl*+ peaks were small relative to the (HCI)* 
peaks under all of a variety of conditions of gas pressure, electron current, 
and voltage of impact. Thus the (HC1)* ions stood out as the only type of 
primary positive ion certainly produced by electron impact in HCI vapor. 

It should be noted that the accelerating voltages applied to the electrons 
were never raised in these experiments beyond about 75 volts. The conclusion 
just stated, and all others also, must be accordingly limited. A study of the 
effect of impacts by very fast electrons was not within the scope of the 
work undertaken. 


NEGATIVE Ions 


With the electric fields V2 and V3; and the magnetic field H all reversed, 
both the first and second tubes could be used as mass spectrographs for nega- 
tive ions.!© The appearance of such ions on the receiving electrode was mani- 
fested by a motion of the electrometer needle in the negative direction. 

Identity. In both early and later experiments, it was found that when- 
ever HCI was present in the tube negative ions could be obtained in numbers 
usually large relative to the number of positive ions observed. The ions had 
about the mass of the chlorine atom and, with the second tube, were resolved 
into two isotopes of about the proper separation and ratio of abundance. A 
typical negative ion mass spectrum is shown in Fig. 9. It is to be noted 
that only two peaks appear instead of the four observed with positive ions. 
As in the case of the positive ions, the m/e scale was not known with sufficient 
accuracy to distinguish between Cl- and (HCl)-. Aston," however, found 
that negative ions were formed, under the conditions of his experiment, 
by chlorine atoms only, and not at all by HCl molecules. It would be very 
surprising if, in the present experiments, the result were completely reversed 
—even though conditions of pressure and applied voltage were different 
from those in Aston’s discharge tube. The location of the m/e scale in Fig. 9 
is based on the assumption here implied. 

Source of the negative ions. In view of the purpose of the present research, 
it was essential to determine the necessary conditions for the production 
of these negative ions. It would take a disproportionate amount of space to 
describe in detail the experiments rhat were carried out to this end. Briefly, 


'® H. A. Barton, Phys. Rev. 26, 360 (1925). 
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it is obvious that negative ions of one definite mass must, when the magnetic 
field is fixed, fall through just the right voltage to describe a semicircle of 
the prescribed radius and so be detected. By comparing this voltage, which 
was known to within three or four volts, with the fields Vi, V2, and V3, 
it was possible to determine quite accurately in what part of the tube the 
observed ions originated. In fact, by varying V3; the whole high pressure space 
of the tube (between the filament and slit S;) could be explored and the 
relative number of ions from the different regions determined. Once deter- 
mined, the sources could be checked by arbitrarily varying the fields Vi 
and V2 and observing how much V; had to be changed to compensate for 
such variations. Ions coming from the filament, for example, appeared at 
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Fig. 9. Typical negative ion mass spectrum. 


a new V; value if either V; or V2 were changed. Ions from the grid were not 
effected by any change in Vj. 

By such methods it was found that in the first tube negative ions were 
produced only in two places, either near the filament or near the grid. In the 
second tube, negative ions were never observed from any place except the 
region of the filament. Several differences between the tubes must account 
for this. In the second, the copper grid G was replaced by a nickel electrode 
with a single slit. Also lower gas pressures were used. It is possible that the 
ions from the grid were formed on the near (filament) side and then diffused 
or were drawn through the mesh. In the nickel electrode the one slit offered, 
perhaps, less opportunity for such a process. However, neither this nor any 
other explanation occurring to the writer appears wholly satisfactory. 
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An important result of the work with negative ions was the discovery of 
the fact that they could be obtained with V; and V: both very small. These 
. fields provided the total gradient through which an electron could fall in the 
region of high gas pressure. It is obvious, therefore, that if electron impacts 
were needed at all for the formation of negative ions, they had only to supply 
quite small amounts of energy. Ions were observed, in one case, when the 
electrons could have fallen through not more than two volts in all. 

Conclusions from negative ion experiments. One clear and important 
conclusion can be drawn namely, that negative ions can be formed in HCl 
without electron impacts of more than two or three volts energy. Further, 
there is no evidence that the presence of electrons of energy equal to or greater 
than the ionization potential of HCl adds to the number of negative ions 
formed. In fact, in the present experiments, there were fewer ions when 
the electrons moved at greater speeds. Thus, there is here no support for 
the existence of the hypothetical process of ionization indicated by the for- 
mula: W+HCI—H++ClI- while there is certain evidence that negative 
ions occurring in HCl can be accounted for in another way. Just what this 
way is in detail remains a speculation. One strong possibility was suggested 
by Mohler,* namely, that the negative ions are formed by the capture on 
the part of isolated Cl atoms of slow moving electrons. This hypothesis 
serves best to explain the ions near the filament where the concentration of 
slow electrons must have been relatively great. The ions arising near the 
grid may have been formed by attachment of electrons reflected by or ejected 
from the wires. The previously mentioned conclusions as to dissociation 
and reaction at the filament provide an explanation of the presence of iso- 
lated chlorine atoms in the tube. 


PERTINENT NEGATIVE RESULTS AND CONCLUSIONS THEREFROM 


For the sake of completeness, a careful search was made for other negative 
ions. None were observed. In particular, no H~ or H2~ ions were observed 
at a time when, as usual, Cl- ions were appearing in large numbers. 

The production of Cl- ions at the filament suggested the possibility 
that H+ ions were likewise so produced. Tests of this were made under 
conditions judged to be favorable from the abundance of Cl- ions. To do 
this, it was necessary to reverse Vi, keeping Vs, V3, and H of course, directed 
for positive ions. Such a search was made on several occasions and no H* 
ions were observed. Similarly, no ions of the approximate mass of the HCl 
molecule appeared. It may therefore be stated with a fair degree of certainty 
that no positive ions of mass within the ranges examined were produced in 
detectable numbers by reaction at the filament. 

This result is contrary to the hypothetical process: HCI—-H++Cl-, 
whether by slow impact or thermal dissociation. It does not distinguish 
between the two processes: 
e+HCl+impact of little energy--H+Cl- 

2. HCI-H+Cl by reaction or thermal dissociation, Cl+e—ClI- by 
attachment. 
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It is evident from the same result that in the production of the molecular 
hydrogen found to be formed in the apparatus, H* is not a necessary inter- 
mediate product. 


IONIZATION POTENTIALS 


Aside from the fact that a knowledge of ionization potentials is worth 
while for its own sake, it was desirable in the present experiments to ascertain 
what type (or types) of ion was associated with the previously determined 
ionization potential, 13.8 volts. 

Method of determination. The procedure followed in determining the ioni- 
zation potential of any type of ion may be either that of Smyth or the more 
rapid one of Hogness and Lunn. In the case of the former!’ mass spectrum 
runs are made over the range in which the ion appears, using successively 
decreased values of V;. The value of V; at which the peak corresponding 
to the ion in question disappears is the ionizing potential. By plotting 
the peak heights against the V; values, the customary type of ionization 
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Fig. 10. Typical ionization potential curves. 


potential curve is obtained (cf. Fig. 10). Usually it is sufficient to employ 
the method of Hogness and Lunn” in which V3 is set where the electrometer 
current is a maximum. J; is then varied and the electrometer current taken 
as a measure of the peak height (and therefore of the number of ions) at 
each value of V;. Such a curve as that of Fig. 10a is thereby obtained directly. 
In the present experiments, the H+ ions were studied with the first apparatus 
according to Smyth’s method. The (HC1)* ions were studied with the second 
apparatus using the method of Hogness and Lunn, tests having confirmed 
its applicability. 

Results. Table I shows the ionization potentials for H+ and (HCl)+ 
which were estimated from curves like those of Fig. 10. The assigned 
weights are based on the sensitivity, the ordinate of each curve at V;=20 
volts being taken as a measure of the sensitivity of the apparatus during 
that particular determination. Making an allowance of 1.5 volts for the 
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TABLE I 
Ionization potentials for H* and (HC1)* 
H*ion. (HCl)*ion. 
Run Wt. Run P. Wt. Run Wt. 
2-13 16 7 11-26 13.7 7 c 14.0 3 
2-20 18 4 11-27a 14.0 4 d 13.0 15 
3-24 5 . 12 b 12.4 4 12-2 14.0 4 
3-25 15.5 8 12-la 13.2 3 12-7 13.0 10 
3-28 16 5 b 13.7 7 
Weighted mean 16.0 Weighted mean 13.3 


uncertain initial velocity of the electrons, contact e.m.f., and voltage drop 
along the filament, the observed ionization potentials were: 

For H?: 16+1.5 volts 

For (HCI)+: 13.3+1.5 volts 


The former is the same as that given by Smyth!" and by Hogness and 
Lunn™ for H+. The fact that it agrees with the results of these authors 
working with pure hydfogen is strong additional evidence that the H* 
ions, in the present experiments, came from H, and not HC! molecules. 

The result for the (HCI)* type of ion is, within the limits of experimental 
error, the same as the ionization potential of HCl measured by Foote and 
Mohler,‘ Knipping,’ and MacKay.® There can hardly be any doubt that it 
was this type of positive ion that they detected. 

Attempts were made to determine the minimum potential required for the 
appearance of the Cl* ions but these were unsuccessful, partly because the 
Cl* ions were few in number and partly because the peaks were never quite 
free of overlap from the (HCI)+ peaks. 


GENERAL CONCLUSION 


In effect, several different experiments have been carried out in the work 
which has been described. It has been shown that these led to several 
conclusions each partially answering the original question as to the physical 
significance of the ionization potential of HCl. It is now possible to bring 
these together to form the following principal conclusion derivable from the 
work as a whole: With electron impacts of energy greater than the ionization 
potential of HCI, 13.8 volts, and not more than 75 volts, the only primary type 
of positive ion certainly formed is (HCI)+. There is, further, no evidence that 
H* or Cl- ions are formed as primary ions by impacts of such energy upon 
HCI molecules. There is evidence that H* ions are not so produced. We are 
forced, therefore, to discard the process: 


W+H Cl——H*+Cl- 


for the alternative process: 


W+HCl(HCl)~+e 
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Thus the similar conclusions of Barker and Duffendack’ and of Mohler® 
are directly confirmed. It is evident that the use of the ionization potential 
of HCI for the value of X in the thermochemical cycle of Fig. 2 is not justified. 


DISCUSSION 


The withdrawal of the support which the supposed identity of X and the 
ionization potential of HCl gave to the crystal grating theory cannot be 
regarded as serious in view of the many successes of the latter. In the main 
it must be right. The present work tends chiefly to focus attention on the 
physical ways in which a molecule can be broken up. There is no evidence 
that a single isolated neutral molecule can be split into zonized parts by any 
direct process. On the other hand, Franck and Blackett'* have shown that, 
in hydrogen at least, the molecules can be dissociated into neutral atoms 
by electron impact. Furthermore, a great deal of evidence exists to the effect 
that light absorption may also lead to dissociation of molecules, both polar 
and non-polar, into neutral atoms. This matter had been investigated by 
Franck" and others and needs no additional discussion here. 

When we say that the products of dissociation effected by such agencies 
are never ions, it is necessary to avoid cases where the molecule is first 
ionized as a whole and then dissociates. Birge and Sponer'® have found in- 
stances of this sort. But then we are dealing with the dissociation of an 
ion and, of course, one or more of the dissociated products must carry the 
electron deficiency. The same is the case with electron impacts. Smyth’? 
and Hogness and Lunn!*® have found several molecules which, after they 
are ionized as a whole, may break down into simpler ions or ions and atoms. 

It must now finally be emphasized that the present work adds HCl to 
the list of molecules for which the primary ion produced by electron impact 
is the undissociated molecular ion. Included in this list are all of the molecules 
thus far investigated.2° This suggests the rather far reaching generalization 


1% P. M.S. Blackett and J. Franck, Zeits. f. Physik 34, 389 (1925). 

17 J. Franck, Trans. Faraday Soc. 63, XXI, Part 3 (1925); Zeits. f. Phys. Chem. 120, 144 
(1926); J. Franck, H. Kuhn, and G. Rollefson, Zeits. f. Physik 43, 155 (1927); J. Franck and 
H. Kuhn, Zeits. f. Physik 43, 164 (1927); see also the references given in the last two papers. 

18 R. T. Birge and H. Sponer, Phys. Rev. 28, 259 (1926). 

19 T. R. Hogness and E. G. Lunn, Phys. Rev. 26, 786 (1925); 27, 732 (1926); 28, 849 (1926) 
A; 30, 26 (1927). 

20 This statement requires a little explanation. Hogness and Lunn’ found that in the 
case of oxygen, O* ions were produced by electron impacts as well as O,* ions. The abundance- 
ratio between the two types was independent of the pressure so it was not possible to classify 
them as primary and secondary in the sense that H* and H;* could be classified as secondary to 
H,* ions in hydrogen. In the latter sense, secondary ions mean those produced subsequently 
only through encounter of the primary ions with other particles. In the case of oxygen we now 
assume that O*+ was still produced subsequently from O,*, the difference being that here no 
encounter was needed, the breakdown being spontaneous. Thus, there is no necessary con- 
tradiction to the statement that the ion immediately produced by impact is always the un- 
dissociated molecular ion. The same may be said of the N* and O* ions from NO’. The early 
work of Semenoff and Kondratjeff also appeared to contradict the general statement here made. 
They have recently revised their conclusion, however, so that their results are no longer in 
conflict. (Zeits. f. Physik 39, 191 (1926), see footnote 2.) 
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that an electron impact can alter only the electron arrangement of a molecule, 
and that any alteration in the relative position of the nuclei occurs subse- 
quently because of the changed internal force-fields of the new arrangement 
rather than through any direct action of the impact itself. A sort of mechan- 
ical correspondence principle suggests the reasonableness of such a generali- 
zation. That is, an electron is of such small mass that it could not, in a 
classical collision with a nucleus, very much alter the motion of the latter. 
It would, however, alter the motion of an electron it struck. We may take 
this by correspondence over into quantum mechanics and obtain immediately 
the suggested generalization. 

Such a view of electron impacts is practically identical with the view 
of quantum absorption by a molecule advanced by Franck’ and supported 
by Blackett,’* Dymond,” Birge and Sponer,'* and Condon.” The writer 
ventures to suggest that with molecules, even more than with atoms, the 
similarity of quantum absorption and electron impact is beautifully illus- 
trated. 

It is a pleasure to acknowledge the valuable suggestions and assistance 
tendered in connection with the work of this paper by Professor E. C. 
Kemble of Harvard University and Professors K. T. Compton and H. D. 
Smyth of Princeton University. . 

JEFFERSON PuysicAL LABORATORY, 


HARVARD UNIVERSITY, 
July 29, 1927. 


"1 E. G. Dymond, Zeits. f. Physik 34, 553 (1925). 
2 E. Condon, Phys. Rev. 28, 1182 (1926). 
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A NOTE ON THE THERMIONIC WORK 
FUNCTION OF TUNGSTEN 


By C. Davisson AND L. H. GERMER 


ABSTRACT 


Correction for the Schottky Effect has been applied to our measurements upon the 
thermionic work function of tungsten. For zero field at the filament we obtain the 
value 4.82 volts for ¢: in the equation i= AT? exp. (—q@2e/kT) and, as before, the 
value 4.91 volts as the equivalent voltage of the work function measured calorimetric- 
ally at 2270°K. Careful consideration shows that the difference of 0.09 volt between 
these quantities must be interpreted as evidence that conduction electrons within 
the filament do not possess normal thermal energies, and that no evidence is offered 
by this experiment regarding the surface heat of charging. 


T HAS been pointed out in an article by Dushman, Rowe, Ewald and 

Kidner' that in reducing the data of our measurements on the thermionic 
work function of tungsten? we failed to correct the value obtained from the 
temperature variation of emission for the so-called ““Schottky effect’’—that 
is, for the reduction of the work function by the external electric field at the 
surface of the filament. Data from which this correction can still be computed 
are contained in the original log of the experiments and it seems desirable, 
even at this late date, to rectify the omission. It turns out that the cor- 
rection is comparatively small. We feel, however, that it is important 
to remove any uncertainty regarding its magnitude because of the bearing 
which the results of our measurements have upon various questions regarding 
the nature of thermionic emission and the state of the conduction electrons 
in metals.'* We also at this time take occasion to discuss the interpretation 
of our work function measurements rather more fuily than in the original 
paper. 

The data of the experiments as originally reduced led to values for 
two quantities closely related to the amount of work required to remove an 
electron from tungsten. The first of these is the equivalent voltage ¢; 
of the heat absorbed when electrons are emitted from a tungsten filament at 
2270°K as determined by observations on the “cooling effect.” The second is 
the voltage constant ¢2 of the Richardson equation i =A 7"? exp 
for the same filament, as determined from observations on the emission in 
the range 1935°K to 2306°K. In determining the first of these quantities, 
the calorimetric phi, observations were made for various values of anode 
potential, and by extrapolation a value was found for ¢; corresponding to 


1 Dushman, Rowe, Ewald and Kidner, Phys. Rev. 25, 338 (1925). 

2 Davisson and Germer, Phys. Rev. 20, 300 (1922). 

3 Richardson, Proc. Roy. Soc. 105A, 387 (1924); Hall, Proc. Nat. Acad. Sci. 13, 43 (1927); 
Millikan and Eyring, Phys. Rev. 27, 51 (1926); Tonks and Langmuir, Phys. Rev. 29, 524 
(1927). 
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zero potential, that is, for zero external field at the surface of the filament. 
The value so found was 4.91 volts, and this is still our best value for this 
quantity. 

In determining ¢2 the corresponding extrapolation to zero field was not 
made; all observations were made for an anode potential of 196 volts. As 
a consequence the value found for ¢2 (4.778 volts) is that corresponding to 
the work required to remove an electron when a certain external field at 
the surface of the filament is assisting in this removal. It is therefore some- 
what less than the value which is truly comparable with that found for ¢;. 
It is our principal purpose in this note to carry through an extrapolation 
leading to the limiting value of @2 for zero field. 

Schottky‘ has shown that in a two element thermionic tube the emission 
from the filament increases with the anode potential because of a reduction 
of the effective work function of the filament by the external field, at its 
surface. In other words, the increase of emission results from a change in ¢» 
of Richardson’s equation and not from a change in the constant A. Schottky 
has further shown that the reduction in ¢2, from its limiting value for zero 
field, is proportional to the square root of the intensity of the external field. 
It follows that for anode potentials sufficiently great to suppress effects 
due to space charge the logarithm’of the emission from a filament will be 
a linear function of the square root of the anode potential, and that the 
change in @2 due to an anode potential V will be 

e dV}/2 e dV}i/2 

In Fig. 1 we have plotted values of log i against corresponding values of 
V!/? from observations at 2270°K. The slope of the best straight line through 
these points is 0.0064 volt-'/? from which we compute Ads= —0.040 volt 
for V=196 volts. This corresponds to a change of 460 degrees in the value of 
b=@ye/k which checks well the estimate of 500 degrees made in the article 
by Dushman, Rowe, Ewald and Kidner. The uncorrected value of ¢2 
was 4.778 volts, so that for the corrected value we have 


¢2=4.778+0.040 =4.818 volts 
The present values are thus 


¢1, calorimetric phi, = 4.91 volts 


¢2, thermodynamic phi, =4.82 volts 


It must be emphasized that these are not different values for the same quan- 
tity, but values for two slightly different quantities. ¢; and @: are differently 
defined, and the exact relation between them can only be discovered by a 
careful examination of their definitions. 

In attempting to find the relation between ¢; and ¢2 we shall proceed 
indirectly, and find first the relation between each of these quantities and 


4 Schottky, Phys. Zeits. 15, 872 (1914). 
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a third quantity—namely, the equivalent voltage ¢ of the total heat absorbed 
during reversible emission from an isolated specimen of tungsten at 2270°K. 
In the course of these deductions we are obliged to introduce symbols repre- 
senting the surface heat of charging, the average kinetic energy of the con- 
duction electrons within the metal, and the average kinetic energy trans- 
ported by these electrons. We arrive finally at the relation between ¢; and 
¢2, and find it expressible in terms of these kinetic energies—the surface 
heat of charging not being involved. Consequently something concerning 
the values of these energies may be inferred from the experimentally de- 
termined values of ¢; and @:, but nothing, according to our deduction, 
about the surface heat of charging. In this conclusion we are in disagree- 
ment with Tonks and Langmuir (loc. cit.) who have recently used our values 
of ¢; and ¢@ to calculate a value for the surface heat of charging of tungsten. 
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Fig. 1. Plot of the logarithm of the thermionic current as a function of the square root of the 
potential. . 


To find how ¢ and @: are related let us imagine a specimen of tungsten 
at temperature J in equilibrium with its electron vapor in an enclosure 
(cylinder and piston) whose walls are perfect reflectors for electrons. If the 
total charge of the system is zero the specimen will have a positive surface 
charge equal in magnitude to the total charge of the vapor. The vapor will 
not in general be uniformly distributed through the free space in the cylinder 
on account of the potential field which results from the separation of charges. 
If the walls of the enclosure are conducting they will be at a uniform potential 
and there will be a uniform concentration of electrons, m’ per unit volume, 
near the walls; but in other parts of the enclosure the concentration will be 
greater. The walls have exerted against them a uniform pressure n’kT, 
but they are acted upon also by forces of electrostatic traction due to induced 
charges on their surfaces, and the “pressure” due to these forces is not uni- 
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formly distributed. In applying thermodynamic principles to this system one 
should properly take into account these forces of electrostatic traction, the 
non-uniform distribution of the electrons and the electrostatic energy in the 
system. 

It has been shown, however, for a system of simple geometry that, when 
these features of the system are properly allowed for, one arrives at exactly 
the same relations as when he proceeds on the erroneous assumption that the 
vapor is uncharged. This is justification then for disregarding the electrical 
character of the system and assuming in the present case that the electrons 
behave as an ordinary vapor. If the concentration is m the pressure on the 
walls is p=nkT and by the Clausius-Clapeyron relation 


dp/dT=nd/T 


where md is the heat of isothermal expansion, and \ = @e is the total heat of 
vaporization per electron. Substituting for p and X, and solving for ¢, we 
obtain for the voltage equivalent of the total heat 


kT k d(Inn) 


ee d(i/T) 


To find ¢ we have only toevaluate the differential coefficient d(Inn)/d(1/T). 
The temptation here is to take advantage of the theorem in the kinetic 
theory of gases by which m is proportional to i7~'/?, and to assume 
that 7 is given (empirically, at any rate) by Richardson’s equation with the 
constants evaluated in our measurements—to assume, that is, that for 7 
we may write in A exp (—qxe/kT). This procedure leads to ¢=¢2+kT/e. 
It is clear, however, that in making this substitution for m we are assuming 
that the emission and electron concentration are independent of the positive 
charge density on the emitting surface. We are assuming that m for all 
values of charge density can be calculated from the value of i found for zero 
field at the emitting surface—that is, from the value of 7 for zero charge den- 
sity. This, however, is unwarranted for it amounts to assuming that the 
heat of vaporization for constant surface charge is the same as for zero total 
charge—or, in other words, that the surface heat of charging is zero. Evi- 
dently the correct expression for ¢ is 


where Ags is the equivalent voltage of the heat of charging. 

We now try to find the relation between ¢ and ¢;. Let us suppose that 
the conduction electrons inside the metal have at temperature 7 an average 
kinetic energy corresponding to Ad@r volts. Then, in the case of reversible 
emission from the isolated specimen, the equivalent voltage of the total heat 
of vaporization may be itemized as follows: an amount (3k7/2e—A¢r) 
corresponding to the average increase in kinetic energy of the emitted 
electrons, an amount ¢’ corresponding to the work done in carrying electrons 


5 Davisson, Phil. Mag. 47, 544 (1924). 
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through the surface, an amount Ads corresponding to the heat of charging, 
and an amount k7'/e representing the voltage equivalent of work done against 
external forces. Adding these we have 


+Adgs —Adr+5kT/2e. 


In the cooling experiment the electrons which are emitted from a given 
element of filament transport into that element an amount of kinetic energy 
whose voltage equivalent, we may suppose, is proportional to A@r, say 
aA@r, and transport from the element the average kinetic energy 2k7. 
Heat corresponding to ¢’ is absorbed in getting electrons through the sur- 
face, but there is no absorption corresponding to Ads since all measurements 
are made under conditions of constant charge density. We have therefore 


—adgr+2kT/e. 
Eliminating ¢’ between the expressions for @ and ¢; we obtain 


We have now obtained an expression for ¢ in terms of ¢2 and an expression 
for din terms of ¢;. Equating these two expressions we get 


kT /2e—(a—1)Agr. 
Evaluating this for 2270°K, 
(a— 1) = 4.91 —4.82— .098 = —0.01 volt. 


We may compare this with the value to be expected if the conduction 
electrons possess the properties of a perfect gas. In this case Adr would be 
3kT/2e and a might be expected to have a value not less than 4/3, its 
normal value for gas diffusion, so that, we should expect for T = 2270 


(a—1)Adr= kT /2e=0.098 volt. 


The probable errors involved in our determinations of ¢; and @2 are 
not known with great certainty. We considered this matter very carefully, 
however, at the time the measurements were made, and estimated that the 
actual errors would not exceed about one per cent, or about 0.05 volt. We 
conclude, therefore, that the value —0.01 volt obtained for (a—1)Ad¢r is 
to be taken to mean that the average kinetic energy of conduction electrons 
is small compared to that of monatomic gas molecules at the same tem- 
perature. This is just the conclusion reached in our original paper. 

That the data of our experiments are insufficient for an evaluation of 
the surface heat of charging seems reasonable enough since it is hardly 
likely that anything concerning the heat of charging can be found from 
measurements made upon steady states with constant surface charge. 


BELL TELEPHONE LABORATORIES, INC., 
New York, N. Y., 
July 30, 1927. 
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SOME PROPERTIES OF ATOMIC HYDROGEN 


By JosepH KAPLAN 


ABSTRACT 


Duration of atomic hydrogen in a bulb 20 cm in diameter.—A large bulb of 3 
liters capacity was sealed to the middle of a Wood's hydrogen tube and the atomic 
hydrogen formed in the discharge tube was allowed to enter the bulb. It was found 
that atomic hydrogen could be detected, by means of'a speck of Welsbach mantle, 
three seconds after the discharge was shut off. The piece of Welsbach was quite large 
which indicated that there was still probably considerable atomic hydrogen in the 
bulb even after three seconds. Certain other effects, such as small white infected 
spots on the glass, which were due to atomic hydrogen, were observed for as long as six 
seconds after the discharge was discontinued. There were indications that the atomic 
hydrogen lasted as long as 10 seconds, but, because of impurities in the tube, these 
indications may have been due to something else. It has also been shown that in the 
absence of water, a surface is a much better catalyzer than when water is adsorbed on 
it. Several curious phenomena are described. 


ITHOUT radiation or transfer of energy by collision, a reaction of the 
type 
A+B—AB 

cannot take place in the gas phase. This was shown long before the advent 
of quantum theory by Boltzmann.' The reason given was that the heat 
of dissociation, which is given up when the atom A and the atom B unite 
to form the molecule AB, must be added to the relative kinetic energy of 
A and B in order to determine the total energy of the molecule AB. The 
molecule AB must, therefore, be able to take up more energy than the dis- 
sociation energy. This was, however, believed to be impossible. Therefore, 
unless some of the energy is radiated, in order to form a molecule, a three 
body collision is necessary. In the case of a homopolar molecule like H: 
a three body collision is necessary because the possibility of radiation does 
not exist. One can arrive at the same result from the point of view of quan- 
tum theory. 

It is known from the study of the band spectra of molecules that a mole- 
cule can possess energy far in excess of its dissociation energy without 
dissociation taking place. If, therefore, the rare case should arise when 
two atoms collide with relative kinetic energy K, such that K+D (the 
dissociation energy) add up to give the energy belonging to a quantized state 
of the molecule, then molecular formation can take place without the 
necessity of a three body collision. For the reaction 

H+H-—-H, 
this possibility does not exist, and since neither the initial atomic, nor the 
final molecular states possess any electric moment, there can be no radiation. 
For hydrogen, therefore, a three body collision is absolutely necessary. 


1 Boltzman, Gastheorie II, Leipzig (1912). 
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Langmuir showed that a hydrogen atom adsorbed on the walls of a vessel 
could, when a free atom collided with it, form He, the molecules of the glass 
wall acting as third bodies. The effect of surfaces on the recombination of 
atomic hydrogen has been studied by Wood? and others. Most of the 
spectroscopic phenomena in long hydrogen discharge tubes were explained 
by Wood as depending on the ability of the metallic electrodes or the glass 
wall of the tube to cause recombination of the atomic hydrogen. That three 
body collisions were necessary for hydrogen has been amply proven by the 
experiments of Wood? and Bonhoeffer,’ whose values for the life of atomic 
hydrogen are convincing proofs of the truth of the chemical kinetics of Born 
and Franck.‘ The present experiments arose out of a suggestion in one of 
Wood’s? papers and present still more evidence as to the necessity for three 
body collisions. 


EXPERIMENTS ON THE DURATION OF ATOMIC HYDROGEN 


Atomic hydrogen was formed in a long discharge tube, to the middle of 
which there was sealed a three liter bulb. The object of the large bulb was 
to remove the glass wall to as great a distance as possible from the volume 
of atomic hydrogen under investigation. The amount of small tubing used 
in making this seal was about 1.5 cm. Wet hydrogen, made by the electrolysis 
of KOH, was fed into the tube through a capillary, the stream of hydrogen 
never being greater than 1 cc per minute and much less than that in most of 
the work. 

Working at a pressure of 1 mm and above, it was impossible to get atomic 
hydrogen to pass the short narrow connection to the bulb in quantities large 
enough to raise a speck of thoria (Welsbach mantle) to incandescence. Small 
pieces of thoria in the discharge tube itself glowed very brightly and went out 
immediately on breaking the discharge. This proves that thoria is a good 
indicator for the presence of atomic hydrogen in the bulb, any noticeable 
lag in its going out when the discharge is broken being due to the presence 
of atomic hydrogen rather than to slowness of cooling. This is so, because in 
the discharge tube the cooling of a speck of thoria should be much slower 
than on the surface of the bulb, because in the former case the thoria is 
present on the warm surface of the discharge tube, and in the latter case on 
the relatively cool surface of the bulb. In none of the experiments was there 
ever any noticeable lag of the extinction of the thoria in the discharge tube 
over the extinction of the discharge itself. 

Lower pressures were tried and in agreement with several other ex- 
perimenters it was found that pressures in the neighborhood of 0.5 mm 
were the best for the formation of atomic hydrogen. With the tube at 0.5 
mm pressure a speck of thoria on the wall of the bulb, whose diameter was 
about 20 cms, glowed for three seconds after the discharge was shut off. 
The walls of the bulb fluoresced with a bluish-white glow which was very 

2 R. W. Wood, Proc. Roy. Soc. A102, 1 (1922). 


3K. F. Bonhoeffer, Zeit. Physik. Chem. 113, 199 (1924). 
‘ M. Born and J. Franck, Ann. d. Physik 76, 225 (1925) and Zeits. f. Physik 31, 411 (1925). 
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strong in the constricted portion leading from the bulb to the rest of the 
vacuum system. This surface effect on the glass lasted for six seconds after 
the discharge was stopped. There were occasional active spots on the 
surface of the bulb which showed a very peculiar effect. Several seconds 
after the discharge was stopped these spots, which were about the size of 
a pin-head, started to glow with a very intense bluish-white light, which 
lasted for two or three seconds and then went out. The lighting up was 
spontaneous, the inside of the bulb having the appearance of a blue sky 
with small stars flickering in it. Through a small grating the spectrum of these 
glowing spots appeared continuous over the entire visible range. The surface 
effect, and this very intense spot effect, are both no doubt due to the re- 
combination of atomic hydrogen on the surface. 

In the many attempts to put specks of thoria up into the middle of the 
bulb some powdered thoria accumulated in the neck of the bulb. These 
very small pieces of thoria glowed with their characteristic yellow glow and 
persisted for ten or more seconds after the discharge was discontinued. As 
a result of the recombination of atomic hydrogen, the spot became sensibly 
warm. The reason that these pieces glowed so much longer than the large 
pieces on the surface of the bulb is that the thoria in the narrow outlet tube 
was powdered by repeated rubbing with glass rods and consequently were 
much better indicators of atomic hydrogen than the larger pieces in the bulb. 


SEVERAL EFFECTS WITH ATOMIC HYDROGEN 


Quite often the specks of thoria on the walls of the bulb became incan- 
descent in spite of the fact that the thoria on a fine glass rod in the middle 
of the bulb did not glow. This speck would however glow on being immersed 
in the discharge for a few seconds. After such treatment it glowed im- 
mediately upon being bombarded with atomic hydrogen. A similar effect 
was observed by Wood? several years ago with fine tungsten wire. In ad- 
dition, it was noticed that upon first running the tube, although it was in the 
stage in which only the Balmer lines appeared, showing high concentration 
of atomic hydrogen, the specks of thoria on the walls of the bulb did not glow 
until the tube had been run continuously for several hours, after which the 
thoria particles were very sensitive to atomic hydrogen. Evidently in all 
of these cases the catalyzer is activated by being bombarded with atomic 
hydrogen. The activation of the surface probably means that the surface is 
enabled to hold atoms of hydrogen. These effects seem to indicate therefore, 
that a surface is a good adsorber of atomic hydrogen after bombardment with 
the atoms. 

In an attempt to intensify surface effects that take place in the bulb, 
by applying a cotton pad soaked in liquid air to a spot on the bulb, a very 
intense green glow was observed on the cooled surface. This glow persisted 
for as long as 15 seconds after the discharge was discontinued and it could 
be observed by applying the liquid air to a spot three feet from the discharge 
tube, the connecting tubing having a diameter of 9 mm. As a result of an 
accidental minute leak in the discharge tube, it was found that a very small 
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amount of air was necessary in order to get this glow at its strongest. After 
continued running of the tube for a day, with a continuuos stream of hydro- 
gen passing through a tight tube still gave the glow, but quite weakly. It 
was found impossible to get rid of the glow entirely. On letting in a very 
small amount of air the glow grew brighter and increased to a certain point 
with the amount of air let in, after which it died out entirely, the only effect 
_noted being the well known afterglow obtained in discharge tubes containing 
air as an impurity. Freezing out the mercury vapour by means of a liquid 
air trap caused no noticeable change in the glow. On letting in mercury 
vapor the effect on the glow was once more not noticeable. 

The glow became brighter as the amount of atomic hydrogen in the bulb 
increased. For this reason, and because the only effect that air has is to 
strengthen or weaken the glow (depending on the amount present) it was 
concluded that the glow was caused by the recombination of atomic hydrogen 
on the surface of the glass bulb. Bonhoeffer> observed the phosphorescence 
of glass, quartz and other materials in atomic hydrogen, and he also noted 
that the admission of a small amount of oxygen increases the phosphorescence. 
It seems worth while once more to call attention to the fact, also noted by 
Bonhoeffer, that oxygen which is normally an anti-catalyst in the recombina- 
tion of atomic hydrogen, in this case evidently acts as a catalyst. Bonhoeffer 
did not record a long persistence of the phosphorescence after the dis- 
charge was stopped or any increase in it by cooling with liquid air. 

The spectrum of this glow was photographed with a very powerful 
spectrograph having a large glass prism and extremely powerful collimating 
and focussing lenses. Isochromatic plates were used and unfortunately it 
was found out quite late that these plates drop greatly in sensitivity around 
5100. The photographs show a continuous spectrum with a long wave-length 
limit at about 5800A and extending over the rest of the visible. Between 
5400 and 4800 the intensity drops and then rises again at about 4700. In 
order to study the spectrum of the glow in the blind region of the iso- 
chromatic plates, Hammer special rapid plates were used, and these plates 
also showed a slight maximum at 4700, but much less pronounced than on 
the previous plates. With the small dispersion that was necessary in order 
to be able to photograph the glow in a reasonable time, it was impossible 
to tell whether there were any bands present or not. 

When a spot on the bulb where there was a piece of thoria was cooled 
with liquid air, the thoria behaved in several different ways depending on 
conditions. With no pumps running, the application of liquid air extinguished 
the thoria; with pumps running applying liquid air first extinguished the 
thoria particles and then caused them to glow strongly. This agrees with 
the observation of Langmuir and others on the effect of liquid air on atomic 
hydrogen. The first effect was to cool the thoria, thus accounting for its 
going out. After a while enough atomic hydrogen is frozen out by the liquid 
air to cause the thoria to glow once more. A speck of thoria cooled with liquid 
air lit up spontaneously when the discharge was stopped and then started 


5 Bonhoeffer, Zeits. f. Phys. Chem. 116, 391 (1925). 
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again, whereas thoria at room temperature always heated up slowly. This 
effect is similar to the one observed by Wood? with tungsten. When a piece 
of tungsten was activated by first immersing it in the discharge, and then 
allowed to cool down, on once more making the discharge the tungsten be- 
came incandescent very rapidly. 

Quite accidentally another effect was found on applying liquid air to a 
spot on the bulb. When some spot on the bulb where there was no thoria 
present was cooled, it was found that the pieces of thoria everywhere else 
were extinguished. On further cooling, the thoria became incandescent once 
more, but this time much more so than before the cooling. Pieces of thoria 
which had not even glowed before the coolling of the spot became incan- 
descent. With air in the tube in small quantities we get the glow only when 
a spot is cooled in this way. Thus it is seen that liquid air plays a dual role. 
Applied on the glass surface, it first puts out the thoria by freezing out the 
atomic hydrogen and drawing’ it to the cooled spot, and then it enables the 
thoria to glow much more brightly than previously. The latter phenomenon 
is explained as follows: 

It is well known that water is an anti-catalyst for the recombination of 
atomic hydrogen. For that reason water is necessary if one wishes to get a 
tube into the black stage. Normally the thoria particles have water adsorbed 
on their surfaces, thus accounting for the fact that some pieces are poorer 
catalysts than others and do not glow. On applying liquid air to a spot on 
the bulb, water vapor is condensed out from the bulb to the cooled spot and 
in a very short time the amount of water adsorbed on pieces of thoria in 
other parts of the bulb is too small to ruin their catalytic powers. It would 
seem on this supposition that one should not be able to get a particle of thoria 
to glow when it itself is cooled with liquid air. One must remember however, 
that there are two conflicting effects, namely the drawing of atomic hydrogen 
to the cooled spot, and secondly the drawing of water to the spot. For 
the above explanation to be the correct one, it is necessary that not every 
atom of hydrogen that hits a thoria surface sticks, if the surface is partially 
covered with water vapor at normal temperature. 

In concluding, the author wishes to thank Professor R. W. Wood, who 
suggested the problem and who was a constant source of advice during the 
course of the research. The author also wishes to thank Dr. W. H. McCurdy, 
who offered several valuable suggestions. 


Jouns Hopkins UNIVERsITY, 
May 30, 1927. 


6 By this we mean that a glass surface cooled with liquid air is able to hold atoms of 
hydrogen better than a warm surface. 
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LIGHT QUANTA AND INTERFERENCE 
By A. J. Dempster anv H. F. Batno 


ABSTRACT 


Interference experiments were carried out in which the source was so faint 
that effects could be attributed to separate quanta of radiation. The energy radiated 
in the helium line 4471A from a glow discharge was measured by comparison with a 
black body, and from the known decay constant of the atomic radiation process, the 
separation of atomic radiations in time was deduced. With an echelon diffraction 
grating the characteristic double order pattern was photographed when each quantum 
of light passed separately through the instrument. Under these conditions it gave rise 
to a pattern due to simultaneous passage through several steps. With an air film 
between two parallel plates, interference fringes were photographed in 4471, when 
the quanta emitted from the volume of the source used were completely separated 
in time, showing that a single quantum obeys the classical laws of partial transmission 
and reflection at a half silvered mirror and of subsequent combination with the phase 
difference required by the wave theory of light. 


EVERAL recent experiments with x-rays have suggested that the 

process of radiation from a single atom may be quite different from that 
considered in the classical theory. Experiments by Compton and Simon,! 
Bennett,? and Bothe and Geiger,*® have suggested that the radiation scattered 
by an electron is sent out in a definite direction with respect to the recoil 
electron, and experiments by Bothe* show that the resonance radiation 
excited by x-rays is emitted in one direction, and not spread over a spherical 
wave-front. 

Experiments with visible radiation have failed to show any such peculiar- 
ities, although Joos® suspected differences in the scintillations observed with 
narrow bundles in different directions. Schroedinger® and Gerlach and Lande’ 
found no lack of ability to interfere in bundles of light with different direc- 
tions. Many experiments have been carried out with faint sources by G. I. 
Taylor;* R. Gans and P. Miguez® and by P. Zeeman;!® but no anomalous 
effects were detected. In these experiments, however, it was always possible 
that the effects obtained were due to the action of many light quanta, so 
that the peculiarities observed with x-rays may still be associated with the 
radiation emitted from a single atom. By means of the Wilson cloud expan- 


1 A. H. Compton and Alfred Simon, Phys. Rev. 26, 289 (1925). 
2? R. D. Bennett, Proc. Nat. Acad. Sci. 11, 601 (1925). 

3 Bothe and Geiger, Zeits. f. Physik 32, 639 (1925). 

4 Bothe, Zeits. f. Physik 37, 547 (1926). 

5 Joos, Phys. Zeits. 24, 472 (1923). 

® E. Schroedinger, Ann. d. Physik 61, 69 (1920). 

7 Gerlach and Lande, Zeits. f. Physik 36, 169 (1920). 

8G. I. Taylor, Proc. Camb. Phil. Soc. 15, 114 (1909). 

® R. Gans and P. Miguez, Ann. d. Physik 52, 291 (1917). 

10 P, Zeeman, Physica, November 1925, p. 329. 
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sion chamber and the Geiger counter, effects due to elementary emission 
processes may be observed with x-rays. These direct observations cannot 
be carried out with visible radiations; but experiments in which we may be 
sure we are dealing with the radiation from a single atom are made possible 
by the observation with canal rays of the upper time limit for the elementary 
radiation process from the atomic source used." In these observations rapidly 
moving radiating atoms passed into a highly evacuated chamber, and it was 
found that the radiation decreased to a small value in three to four centi- 
meters. Professor Wien” found that the radiation emitted by helium atoms 
of wave-length 4471A decays according to the factor e~**' where 2a = 5.42 X10’ 
sec—!, so that after 5X10-* seconds the intensity is reduced to 1/15th. On 
one point of view we may regard the actual atomic emission process as very 
brief, so that the experimental factor gives the rate of decay of the excited 
states. We may, on the other hand, regard each source as radiating continu- 
ously and gradually dying out according to the exponential law." In either 
case the observations set an upper limit to the time required for an atom to 
send out the energy involved in an elementary radiation process. 

In the present experiments the energy radiated from a certain volume 
of the tube in one spectrum line was measured, and the number of elementary 
emission processes per second was obtained by dividing the energy per second 
by the value of dy for the frequency selected. If the time for each emission 
process multiplied by their number is much less than one second, the in- 
dividual quantum of radiation from any atom must be separated in time 
from the radiation emitted by other atoms. 


I. THE WAVE FRONT COVERED BY A SINGLE LIGHT QUANTUM 


The first experiment was designed to see if the energy of wave-length 
4471A radiated from a single helium atom was spread over a wave front 
greater than that subtended by 32 sq. mm at a distance of 34 cm. The 
experimental arrangement is shown in Fig. 1. A high potential battery sup- 
plied a continuous current of about 10-° amperes to the discharge tube 
which contained helium at low pressure. The current was controlled by a 
kenotron and the energy emitted per second in any line was obtained by 
comparison with the black body F. The light from the tube passed through 
an echelon grating and prism as indicated. The echelon-was tipped slightly 
so that the different parts of each spectrum line gave interference patterns 
that alternated between the single order setting shown at A, and the double 
order setting B. A glass plate with horizontal opaque lines was placed 
in front of the slit to limit the areas from which interference patterns were 
obtained. Behind the helium tube was placed the electric furnace F for meas- 
uring the energy radiated from the tube. 

Many photographs were taken of the helium lines with different currents 
through the tube, and showed the usual interference patterns. in one case 


" W. Wien, Ann. d. Physik 60, 597 (1919); A. J. Dempster, Phys. Rev. 15, 138 (1920). 

12 W. Wien, Ann. d. Physik 73, 487 (1924). 

13 Recent experiments by McPetrie, Phil. Mag. 1, 1082 (1926), tend to show that the 
“time of excitation” and “time of radiation” are of the same order of magnitude. 


? 
646 A. J. DEMPSTER AND H. F. BATHO 


an exposure of 24 hours with a current of 1.2X10-> amperes was required. 
The energy in this case was found by widening the slit from 0.01 to 0.8 mm, 
removing the echelon grating from the arrangement in Fig. 1, and observing 
that the furnace at 1125° absolute gave the same intensity at 4471A as 
the helium tube with the current used. This was done by comparing each 
in turn with a lamp L. The energy radiated from an area S of a black body 
to an area A at a distance r is given by the formula 2E,A\ SA/r?™. Here 
Ey —1)—! and Ad is the change in wave-length corresponding 
to the width of the image at the wave-length used. Substituting for S 
the slit area, for A the area of the end of the echelon 4.82 cm? and for r 
the focal-length of the collimator objective it was found that 4.2 10~-'® 
ergs per second reached the end of the echelon from an opening of the 
narrow slit that gave a normal interference pattern. Since hy for \=4471A 
is 4.41 X10-" ergs the energy photographed was only 95 quanta per second. 
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Fig. 1. Experimental arrangement for Part I. 


As discussed above these quanta must have passed through the echelon 
separately, since 95 times 5 X 10-* seconds is much less than unity. 

We conclude then, that a single light quantum can produce effects that 
are due to its passing through several steps of the echelon simultaneously, 
that is, it must cover a wave-front larger than that subtended by the end of 
each plate, or 32 sq. mm at a distance of 34 cm. 

On the wave theory the diffraction pattern of a single atomic source pro- 
duced by a slit 0.01 mm wide on the end of the echelon is of appreciable 
intensity over several steps, so that there is no difficulty in explaining the 
interference pattern on this theory. 


II. COHERENCE OF REFLECTED AND TRANSMITTED 
Parts OF A LIGHT QUANTUM 


In interference patterns produced by an air film between two parallel 
plates, we have interference of the part of the radiation reflected at the 
first surface with the part transmitted at the first surface and reflected 
from the second. On the quantum theory we might expect an individual 


4 W. Wien, Ann. d. Physik 23, 415 (1907); M. Planck, Warmestrahlung, p. 17-19 and 
p. 182. 
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light quantum to follow either one path or the other according to the laws 
ot probability.“ Interference photographs were made with the arrangement 
shown in Fig. 2. 

The source /J shown in detail in the lower part of the figure was a tube 
with helium at low pressure, in which light was excited by electrons from 
the hot cathode C. The anode to which several hundred volts were applied 
was at the end of a small side tube 1.25 mm in diameter. This small tube 
was placed vertically in front of the plane parallel plates P which were 
inclined slightly so as to form horizontal interference fringes at the reflecting 
surface. The spectrograph gave an image of these fringes crossing each 
line of the spectrum. The volume V of the source that contributed radiation 
to form a light or dark point in the image could be calculated from the geom- 
etry of the arrangement. By placing the tube between a black body radiator 
and the spectroscope as explained above, the total energy of wave length 


O}— 1 


Fig. 2. Experimental arrangement for Part II. 


4471A, radiated by volume V was measured for different current strengths. 
With the smallest currents (<2.110-* amperes) the direct comparison was 
made with the brighter line at 5016A, and the energy at 4471A was deduced 
from the ratio of the energies as found with the larger currents. The assump- 
tion of constant energy ratio in the two lines is justified since the changes in 
intensity were made by varying the electron emission while keeping the veloci- 
ties of the electrons the same. ; 

It was found possible to make photographs when the source was so faint 
that only one atom in the volume V was emitting radiation at one time. 
This is a more stringent limitation on the source than that obtained in the 
first part of this paper. There, it was shown that the light quanta, if limited 
to a solid angle less than that subtended by the end of the echelon at the slit, 
must have passed the echelon separately. This was sufficient, since the point 
in question was the solid angle covered by the radiation from a single atom. 
Here the energy of wave length 4471 radiated in all directions from volume 


% Einstein, Phys. Zeits. 24, 472 (1923). 
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V was made up of elementary radiation quanta which were completely 
radiated before the next began. 

The results of a series of photographs under these conditions is given in 
Table I. 


TABLE I 
Current Exposure Volumeof Energy ra- No. of quanta Probability Fringes 
through (hours) source radiated per sec per sec. of overlap- 
tube (micro (mm) (ergs) ping 
amp.) 
1.17 12 1.54 4.531075 1.03 x 107 0.355 Plain 
.22 9 1.54 8.67 1.97 .080 Doubtful 
.40 6 1.54 1.54107 3.50 10° 138 Plain 
.10 17 1.54 3.17 7.21105 .030 Plain 
26 75 8.361077 1.90 x 10° -008 Fair; un- 
der ex- 
posed. 


The probability of overlapping is the probability that the radiation of a 
second atom should begin less than 4.25X10-° seconds after the first. 
Within this time according to Wien’s observations, the atom would have 
radiated 90 percent of its energy on the idea of a continuous emission from 
the atom. The interference pattern observed must be produced by the 
radiation emitted in a single elementary emission process, and we must 
conclude that this bundle of energy obeys the classical laws of separation 
at a half silvered mirror and of subsequent combination with the phase 
difference required by the wave theory of light. 

If we assume that the interference pattern is determined by a virtual 
radiation field before the emission of energy (thought of as sudden) takes 
place, it is necessary to suppose the pattern to be formed anew by each 
individual atom before it radiated. For, if the number of excited atoms 
present at any instant disappears according to the law e~**' as found by 
Wien, the probability of the emission of a quantum in At for each atom is 
2a + Al. If in the equilibrium state of a radiating gas under constant excita- 
tion, there are NV excited atoms present at any time, then 2aN is the number 
of emissions and excitations per sec. Our experimental conditions were chosen 
so that this number divided by 2a@ was small compared with unity. That is 
N<1. Thus the greater part of the time no excited atom at all was present in 
the gas.. When one is formed it must, on this point of view, form the inter- 
ference pattern, and emit the quantum of energy before a second is excited. 

RYERSON PuysicaAL LABORATORY, 


UNIVERSITY OF CHICAGO, 
August, 1927. 
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PHOTO-ELECTRIC EFFECT AND SURFACE STRUCTURE 
IN ZINC SINGLE CRYSTALS 


By Ernest G. LINDER 


ABSTRACT 


A single crystal of zinc, cylindrical in form and with the hexagonal axis per- 
pendicular to the axis of the cylinder, was mounted in a photo-electric tube and a 
narrow strip of its surface parallel to the axis of the cylinder illuminated with ultra- 
violet light. A variation of the photo-electric current was observed as the crystal 
was rotated. The maximum current was obtained when the hexagonal axis was normal 
to the illuminated surface and the minimum when it was parallel. The ratio was about 
2:1. The effect with polarized light was the same as with unpolarized. 

A study of the evaporated surface showed that it was made up of microscopic 
crystal facets. The albedo was found to be about 0.22 and was the same for all portions 
of the surface. 


HE present paper deals with an experiment in which the photo-electric 

current from different parts of the surface of a single crystal of zinc was 
measured. From the results it appears that photo-electric emission depends 
upon the orientation of the crystal lattice in the emitting surface. 

The crystals, which were made by the method of Obreimow and Schub- 
nikow,! were cylindrical in form, about 4 cm in length and 0.5 cm in diameter. 
The hexagonal axis of the crystal made an angle of about 90° (actually 87° 
for crystal No. 1 and 87.5° for No. 2) with the axis of the cylinder. 

Fig. 1 shows a vertical section of the tube, and the electrical circuit. 
The cylindrical crystal C was mounted so that it could be rotated about a 
vertical axis by turning the support in the ground glass joint at S. A pointer 
moving on a graduated circular scale A indicated the position of the crystal. 
A beam of total radiation from a quartz mercury vapor arc passed through 
the reéntrant quartz tube Q, through a slit at its inner end 2 mm wide and 
10 mm long, through a slit in the copper plate P 1 mm wide, and was incident 
normally on the crystal surface. To eliminate undesirable reflected light 
the reéntrant tube was completely lined with black paper except for the slit 
already mentioned. The plate P was made of copper, was cylindrical in form, 
8 cm long and 2 cm in diameter. 

With this apparatus it was possible, by turning the knob at S, to expose 
at will, crystal surfaces for which the angle between the surface normal and 
hexagonal axis (axis of symmetry) was anywhere between 0° and 90°. A 
Compton electrometer, having a sensitivity of 1000 mm/volt was used to 
measure the current. It was found necessary to cover all the glass of the 
diffusion pump and high vacuum side of the system with grounded tin-foil 
to eliminate the disturbing effect of the electrostatic discharges in the pump. 


1 Obreimow and Schubnikow, Zeits. f. Physik 25, 31 (1924). 
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Without this the behavior of the electrometer was so erratic that reliable 
readings were impossible. The pressure was measured with a McLeod 
gauge connected between the liquid air trap and the pump. The pressure 
thus measured was always less than 10-° mm of mercury. 


= 


Fig. 1. Diagram of photo-electric tube and electrical circuit. 


THE CRYSTAL SURFACE 


The chief difficulty of this problem is obtaining a clean crystal surface. 
Zinc crystals prepared by the Obreimow and Schubnikow!' method, i.e., by 
moulding in a glass tube, have a surface which is for the most part mirror- 
like but in spots rough and gray. This surface is not at all suitable for the 
type of measurements made here. Readings taken on it showed none of the 
expected regularity nor were they reproducible with different crystals. 
Sand-papered surfaces were likewise found unsatisfactory. However, evapor- 
ation at temperatures near the melting point in a high vacuum was found 
to produce a surface in which the crystal structure was exposed and from 
which reproducible, regular readings could be obtained. 

In order to carry out this evaporation the crystal was mounted in the 
photo-electric tube as shown in Fig. 1. The tube was surrounded with 
an asbestos housing open at the bottom and having openings through which 
the tube containing the ground glass joint, the reéntrant quartz tube, and the 
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tube to the pump projected. The main body of the photo-electric tube was 
heated by a Bunsen burner set below the open end of the asbestos housing, 
the ground glass joint S and the sealing wax seal W being kept cool by cir- 
culating cold water about them through coils of rubber tubing. The temper- 
ature was determined by means of a high temperature glass thermometer 
inside the housing. To prevent deposition of zinc upon the quartz window a 
heating coil was inserted in the quartz tube. The temperature here was 
measured by a second thermometer and was kept a few degrees above that 
in the housing. 

The zinc was evaporated at 400°C (as measured by the thermometer in 
the housing). It was found that merely letting the temperature rise to this 
value (requiring about 20 minutes) and then turning off the Bunsen burner 
was sufficient to expose a clean crystal surface. 

It is highly desirable to know the nature of the surface on which the 
measurements were made. To the eye it appeared a dull gray, but when 
held at certain angles reflected considerable light. Examination under a 


Hexagonal 
exis 

\ 
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Fig. 2. Apparatus for obtaining spot pattern by reflecting light beam from evaporated surface 
of single crystal. 


metallurgical microscope revealed a convoluted and pitted surface. But 
only a few crystal facets were visible with a magnification of 50 diameters. 

For the purpose of further studying the structure of the surface the 
apparatus of Fig. 2 was arranged. A beam of white light from the incandes- 
cent lamp L passes through a circular aperture in the screen S and falls 
normally on the crystal surface C. From here it is reflected to the photo- 
graphic film fastened to S. A spot pattern (See Fig. 3) is thus obtained 
showing the existence of exposed crystal facets. To obtain the pattern of 
Fig. 3 the crystal must be in the position indicated in Fig. 2, i.e., with the 
hexagonal axis horizontal and at right angles to both the light beam and the 
axis of the cylindrical single crystal. This position of the axis is indicated by 
the dotted arrow. The spot pattern obtained under these conditions may be 
interpreted as follows. The light falls normally on the (1010) and (1010) 
facets and is reflected directly back giving the central spot of Fig. 3. (The 
crystal is not placed exactly as shown in Fig. 2, but is rotated slightly in 
a clockwise direction so that the spot from the above mentioned facets falls 
a little to the right of the center. The other spots also are shifted somewhat 


652 ERNEST G. LINDER 


to the right. The black spot in the center is due to the hole in the film and the 
irregular patches of light above and below it are caused by reflection from 
yet unevaporated parts of the surface.) The lower spot comes from the 
(2110) and (2110) facets, the upper from 
(1120) and (1120), the right-hand spot 
from (1011) and (1011) and the left-hand 
one from (1011) and (1011). No other 
spots were found for this position although 
a careful search was made not only with 
light incident normally but also with 
oblique incidence. If the crystal is rotated 
through 90° about a vertical axis so that 
the hexagonal axis is parallel to the in- 
cident light beam only a single spot is ob- 
servable. This is reflected directly back 
and is due to the {0001} facets. 

This shows beyond doubt that the 
crystal structure is exposed. The photo- 

Fig. 3. Spot pattern obtained with graph was not taken with a crystal upon 
apparatus and crystal arranged as which photo-electric measurements were 
shown in Fig. 2. made, but with one which had not been 
~ evaporated so much, for those which were used for the measurements 
were evaporated repeatedly during the course of the work so that eventually 
they became extremely rough and pitted. They still gave the pattern of 
Fig. 3, however, but the spots were more diffuse and there was more scattered 
light. 

Rough measurements were also made of the albedo of different parts of 
the crystal surface, since it was thought that its structure or pittedness might 
produce variations in this quantity sufficient to account for the observed 
variations in photo-electric current. Following a suggestion of Professor 
Eldridge a reflectometer was constructed and used as follows. A cubical 
box about 5 cm on the edge was built of slabs of magnesium carbonate. 
The crystal was placed vertically in the center, and a narrow strip of its sur- 
face illuminated with white light incident through a slit in one wall of the 
box. The intensity of illumination of a spot on one of the walls shielded from 
directly reflected light was then observed through a small aperture and com- 
pared photometrically with a fixed comparison source. A substitution method 
was employed in which magnesium carbonate, the albedo of which was 
taken to be 0.98, was used as a standard. As a second method a magnesium 
carbonate cylinder of the same dimensions as the crystal was placed in the 
path of the light beam so as to illuminate the walls with diffuse light. The 
zinc crystal was then placed so that its surface could be viewed directly while 
illuminated by diffuse light from the walls. The substitution method was 
again employed. The essential difference between the two methods is that 
in the first the walls are illuminated by light reflected diffusely from the 
crystal, while in the second the crystal is illuminated by light reflected dif- 
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fusely from the walls. The values obtained by both methods range from 0.20 
to 0.24 and were the same for all portions of the surfaces of the two crystals 
measured. This means that 78 percent is absorbed, no matter which surface 
is used, to within an error of +2 percent. The possible fluctuation in the 
amount of light absorbed by the different faces is therefore entirely inade- 
quate to explain the large changes in the photo-electric current. 


RESULTS 


Graphs for crystal No. 2 showing the variation in the photo-electric 
emission as the orientation of the space lattice in the emitting surface is 
changed are given in Fig. 4. Curves 62, 63 and 66 represent results obtained 
at various intervals after the original mirror-like surface had been evaporated 


Photoelectric current 


200 300 40 400 {140 160 220 
Angle between normal to crystal 
surface and hexagonal axis 


Fig. 4. Variation of photo-electric current as orientation of space lattice in emitting surface 
changes. The different curves are obtained following different methods of surface preparation. 


entirely away. Curves similar to these were obtained for crystal No. 1 also. 
It is to be noted that the emission is at a maximum value when the angle be- 
tween the normal to the illuminated surface and the hexagonal axis is zero, 
i.e., when the crystal in Fig. 1 is turned so that the hexagonal axis points 
toward the quartz window and the light is incident normally on the {0001} 
facets. The curve repeats itself every 180° as we should expect. What lack 
of symmetry does exist is very likely due to misalignment of the parts of the 
apparatus or to variations in the intensity of the light from the mercury vapor 
lamp. 
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It should be borne in mind that the resolving power of the apparatus was 
not very great and that the emission may be considerably more irregular 
than is apparent from these curves. 

Curve 68 shows the greatest variation observed. This was obtained 
after the crystal had remained in the tube over night with the mercury dif- 
fusion pump shut off, but with the liquid air trap on and the stop-cock to 
the fore pump closed. In the morning the crystal was removed from the 
apparatus, exposed to the air of the room for 10 minutes and again placed 
in the tube. After evacuation to at least 10-° mm curve 68 was obtained. 
It will be noticed that the ratio of the maximum current to the minimum is 
here about 6:1 while in all other cases it is only about 2:1 (excepting the 
dotted curves which will be explained shortly). The peaks are also noticeably 
sharper. Efforts to reproduce this effect were without success. 

The results just discussed made it seem possible that the entire effect 
might be due to variation in the adsorption of gas on the different parts 
of the surface. Curves 70 and 71 were obtained as a test of this possibility. 
Curve 70 was obtained when the crystal was at a temperature of 360°C; 
curve 71 at 400°C. Both these curves show a general rise so that the final 
point does not coincide with the initial point but is higher, probably because 
the evaporation had proceeded longer and the surface was cleaner. The 
important point is that the variation is about the same as before in spite 
of the fact that the amount of gas on the surface must have been different. 

A nicol prism was placed between the lamp and the quartz window and 
curves similar to those of Fig. 4 obtained, but the ratio of the maximum to 
the minimum current was found to be independent of the plane of polariza- 
tion. 

The data available at present are not sufficient to determine definitely 
the cause of the variation of photo-electric emission with surface structure. 
If we adopt Richardson’s view of an electron gas retained within the metal 
by the action of forces near the boundary, the number of electrons emitted 
in the presence of unit energy whose frequency lies between v and v+dv 
is given by 


K(1—¢/h), (1) 


where K is a constant characteristic of the substance and ¢ is the work func- 
tion. Hence the observed variation in emission may be attributed to varia- 
tion in either or both of the quantities K and ¢. It seems quite probable 
that at least part of the variation is due to differences in the work function 
since the forces acting on an electron passing through a surface probably in 
some way depend on the lattice structure of that surface. Further, when 
the electron reaches a certain critical distance from the surface only the image 
force acts, but this “critical distance” varies with surface structure, being 
dependent on the flatness and continuity of the surface. 
From Eq. (1) we obtain the expression for the current ratio 


To _ Ko hv—do 
To 
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According to this the ratio approaches Ko/K 4 as v increases, and becomes 
infinite when y=@90/h. Hence a study of the emission with different wave 
lengths should be of interest. 
In conclusion the writer wishes to express his thanks to Professor J. A. 
Eldridge and Professor E. P. T. Tyndall for valuable information and criticism. 
Puysics LABORATORY, 
STATE UNIVERSITY oF Iowa, 


Iowa City, Iowa. 
July, 1927. 
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PHOTO-ELECTRIC THRESHOLD OF SINGLE 
BISMUTH CRYSTALS 


By T. J. PARMLEY 


ABSTRACT 


A bismuth single crystal grown by Bridgeman’s method was mounted in a 
specially constructed, highly evacuated bell jar. By means of external magnet control 
it was possible to cut the specimen along a crystal face and advance it into position 
in a Faraday cylinder. Photo-electric current fatigue curves were taken for the 2537A 
line under three different vacuum conditions. It was found that the fatigue was 
smaller,the higher the vacuum. The long wave-length limit was determined by 
plotting the current per unit intensity as a function of the wave-length of the mercury 
arc used. The threshold was determined under the two following conditions: first, 
after the new surface had aged an hour in a vacuum of the order of 10-* mm; and 
second, immediately after cutting a new face in a vacuum of the order of 10-7 mm. The 
two values were 2567A and 2835A respectively. Similiar observations on the poly- 
crystalline form yielded the values, 2560A and 2830A. Experiment showed that the 
threshold changed rapidly from 2835A to 2567A in the low vacuum. It was found that 
this shift was not due to oxygen, nitrogen, or carbon dioxide, the chief constituents of 
air, but to some other source of contamination which was not located. 


INTRODUCTION 


T HAS been recognized for some time that many of the discrepancies in 

the values of the photo-electric threshold, or long wave-length limit of a 
metal, are directly attributable to a contamination of the metal by its sur- 
rounding atmosphere. Attempts to minimize this factor are seen in the 
investigations of Richardson and Compton,! and Hamer* in which the 
surface was cleaned in air and quickly placed in the evacuating vessel. In 
this way the possibility of contamination was decreased. Presumably the 
ideal thing would be to perform all the operations in such a high vacuum that 
there could be little doubt as to the cleanliness of the metal surface. Recently 
this has been accomplished by Millikan,’ Kasda,* Kadesch and Hennings,‘ 
and Tucker® with very significant results. » 

In the present investigation, surfaces of single and polycrystals of bismuth 
were prepared in vacuum in order that reliable thresholds for these forms 
might be obtained. Bridgeman’s method’ was followed in making the single 
crystals. The details of cutting the specimens and making observations are 
fully discussed in the following pages. 


! Richardson and Compton, Phil. Mag. 24, 576 (1912). 
? Hamer, Optical Soc. of Am. J. 9, 251-257 (1924). 

3 Millikan, Phys. Rev. 7, 355-388 (1916). 

* Kazda, Phys. Rev. 26, 643 (1925). o 

5 Kadesch and Hennings, Phys. Rev. 7, 147 (1916). 

* Tucker, Phys. Rev. 6, 574-581 (1923). 

7 Bridgeman, Proc. Amer. Acad. Sci. 60, (Oct., 1925). 
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APPARATUS 


Fig. 1 shows a longitudinal section of the apparatus. The specimen S 
was so mounted that the 0001 plane was perpendicular to the paper and 
parallel to the lines in the diagram. It was attached to the sliding mechanism 
NRO which could travel back and forth horizontally in the trough T. O is 
a piece of quartz tubing for insulation purposes; JN is a cylindrical piece of 
soft iron which is moved by an external coaxial electromagnet. 

With the razor blade C raised, the specimen could easily be moved into 
positions C and S. The cylinder of soft iron H, magnetically operated, was 
used both as a lifting device for the blade and as a hammer. H and G are 
separate so that if H was raised a distance less than the length of L the blade 
was not raised. Through this distance, then, H was used as a hammer without 


Fig. 1. Longitudinal section of apparatus. 


disturbing the position of the blade. If it was desired to move S, H was 
raised still higher. . 

With the exception of the blade and bell jar, all the mountings were made 
of brass. A brass tube which was soldered in the hole in B fitted snugly over 
the glass tubing that connected the bell jar to the evacuating vessel. De- 
Khotinsky cement was used here, at D, and at Q. 

The system was evacuated by a -two stage mercury diffusion pump in 
series with a Cenco Hyvac pump. Pressures were measured with a McLeod 
gauge graduated to 0.005 microns. A liquid air trap was inserted in the 
system between the pumps and the bell jar to prevent mercury vapor 
diffusing into the latter vessel. During part of the experiment a charcoal 
trap with the usual liquid air bath was placed between the previous air trap 
and the glass vessel. 


| 
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A Bruleur Galloi’s quartz mercury arc lamp’ served as a source of illumi- 
nation, and monochromatic radiation of a desired wave-length was directed 
upon the specimen by means of a quartz monochromator. In all cases the 
slits of the monochromator, which were only 0.1 mm wide, were much 
narrower than those used by previous investigators. The particularly strong 
source of illumination made this fine adjustment possible. Throughout the 
experiments the lamp was run at 84 volts and 2.80 amperes. 

The specimen S was connected by a platinum wire through the walls of 
the glass vessel to an electrometer. The electrons ejected from the metal 
were pulled to the Faraday cylinder P by a positive potential of about 45 
volts. The rate of drift of a spot of light on a scale reflected from the mirror 
of the instrument was taken as a measure of the photoelectric current. The 
electrometer had a sensibility of 1500 mm per volt. 

To determine the long wave-length limit, the photoelectric currents per 
unit intensity of the incident light were plotted as ordinates and the wave- 
lengths as abscissas. The extrapolated intercept on the wave-length axis 
gave the value of the threshold. 

The relative intensities of the lines of the mercury arc lamp after passing 
through the quartz monochromator were measured by means of a linear 
thermopile and a Coblentz galvanometer. The results of these measurements 
are given in the following table: 

Wave-length (A) 2400 2483 2537* 2652 2754 2804 2894 


Intensity 15.5 31.1 100.0 75.4 14.2 35.2 19.9 
*Arbitrary standard 


EXPERIMENTAL RESULTS 


Previous to making photoelectric measurements, the pumps were run 
for several hours with the liquid air trap but not the charcoal trap in the 
system. Then the specimen was cut and moved into its final position as 
shown in the cross-sectional drawing. It was under these conditions that 
the data for the fatigue curve (decay of the photo-electric current with time) 
I of Fig. 2 were obtained. The current decreased very rapidly in the first 
twenty minutes and then changed less rapidly, becoming almost constant 
after an hour. 

Because of the very rapid decay of the photo-electric current with time 
it was impossible to determine the exact value of the threshold for the clean 
surface. It was found, however, that the threshold must lie between the two 
lines 2894A and 2804A. Within approximately ten minutes after beginning 
observations the surface was insensitive to the 2804A line. In other words, 
the threshold had shifted beyond this line to shorter wave-lengths. It was 
after an hour’s fatigue when the current became quite constant that the 
first determinations .of the threshold were made as shown in curve III of 
Fig. 3. The threshold for the single crystal was 2560+10A; for the poly- 
crystal, 2567+10A. The ordinate values in this case are given on the right 


§ Gallois mercury lamp, Revue D’Optique 4, 89 (1925). 
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side of the graph. The pressure in the bell jar during these observations was 
of the order of 10-* mm. 


— 
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Fig. 2. Decay of photo-electric current with time. 


5 
= ©* Single crystal 
£ @ = Polycrystal 
a2 
A." 2835A | 
Ne Curve | 2 190 
5 © 
= 5 No Curves 
A. 2567A) Il and lV 
> 
1.0F 
5 
= © 
20.5 43.0 
& 
8 
Eo “700 0.0 


Wave-length 
Fig. 3. Curves showing the photo-electric threshold. 


With an increasingly good vacuum in the system the fatigue curves 
changed into curves II and III of Fig. 2. Curve II is the result of a cocoanut 
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charcoal trap in the system in addition to the liquid air trap; curve III is the 
result of prolonged running of the pumps under the conditions of the last 
curve. In this case the pressure in the system was of the order of 10-7 mm. 

It was under conditions similar to those stated for curve III, Fig. 2, that 
the thresholds for the single and polycrystals of bismuth were determined. 
With the two traps in the system and after prolonged running of the pumps, 
the specimen was cut, advanced into its position in the Faraday cylinder, 
and the proper readings of the photo-electric current taken (Curve I, Fig. 3). 
The threshold for the single crystal was 2835+10A; for the polycrystal, 
2830+10A. 

In the hope of discovering the cause of the drift in the threshold oxygen, 
nitrogen, and carbon dioxide were each in turn introduced into the system 
and readings of the photo-electric current due to the 2652A line taken over 
a period of an hour. In each case before starting the experiment the system 
was washed repeatedly with the gas in question. The gas was at a pressure 
of about 1 mm while readings were being made. Under these conditions the 
crystal was cut and the surface illuminated by the 2652A line. In each case 
it was found that the threshold was above the 2652A line. 


DIscUSSION 


The following conclusions can be drawn from the above experiments. 

First of all the three characteristic fatigue curves I, II, 111, represent con- 
ditions of increasingly good vacuum. Curve I is the result of only a liquid 
air trap in the evacuating system; curve II is the result of a liquid air trap 
plus a charcoal trap; and finally, curve III is the result of the conditions of 
II plus prolonged running of the pumps. Clearly then, the higher the degree 
of vacuum the less the fatigue. This suggests that in a perfect vacuum no 
fatigue would take place, a conclusion already drawn by several other in- 
vestigators. 

The fact that the thresholds of the single crystal and polycrystal forms 
of bismuth are practically the same is rather surprising inasmuch as the 
thermal and electrical conductivities of the single crystal are different for 
different axes. Nevertheless, the experimental result indicates that the work 
to take an electron through the metal surface is the same regardless of the 
face. This function which Richardson® has shown is equal to the thermionic 
work function ¢(= V) can be readily calculated. If we should substitute in 
the equation 

Ve =hvy=hc/Xo, 
e=4.77 X10-"; h=6.55 X 10-27; c=3.00 cm/sec; and Xo (for the single 
crystal) = 2835A, we find a value for V of 4.36 volts. 

A comparison of the results of this experiment with those of previous 
investigations of the threshold of bismuth may possibly clear up some of the 
discrepancies found in the literature. Pohl and Pringsheim'® and Werner" 

® Richardson, Science N. S. 54, 283 (1921). 


10 Pohl and Pringsheim, Deutsch. Phys. Gesell. Verh. 13, 480 (1911). 
1 Werner, Upsala Universitets Arsskrift (1914). 
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used accelerating potential methods, while Richardson and Compton™ and 
Hughes" used stopping potential methods. A brief discussion of their results 
is given below. 

A rather serious criticism can be offered to Pohl and Pringsheim’s work. 
They had only three points with which to determine their curve, and one of 
these was very doubtful. The third point not indicated on the curve (Fig. 4) 
is at 3130A where a very weak current was detected. It seems that there is 
a great likelihood that this effect might have been due to stray light and 
not to the 3130A line at all. The possibility that stray light could have been 
present in their system is suspected from the shape of the curve. Most curves 
of this type cut quite sharply into the wave-length axis, but this one tails 


x Pohl and Pringsheim A,= 3130A 
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Fig. 4. Comparison of threshold curves with those of other observers. 


off to the left. If one takes the liberty of dotting in what seems to be a more 
reasonable curve, one gets the extrapolated value of 2900A. This value is 
probably nearer the true threshold than that given by Pohl and Pringsheim. 

Werner’s results are given in his curve in Fig. 4. As can be seen he has 
a much more defined curve than that of Pohl and Pringsheim, but it has the 
same excessive bending to the left near the foot. This throws doubt on the 
values indicated by the last two points. They represent small currents which 
might have been due to stray light. The dotted line in this case gives a value 
for Xo of 2875A. 

One other criticism might be offered. Since the procedure of preparing 
the surface necessitated a reasonably low vacuum for sputtering, contamina- 


2 Richardson and Compton, Phil. Mag. 24, 576 (1912). 
13 Hughes, Phil. Trans. Roy. Soc. 212, 205-226 (1912). 
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tion of the bismuth was possible before readings were taken. At no time 
during Werner’s experiments was the pressure much below 0.1 mm. 

Because Richardson and Compton used an entirely different method 
(retarding potential method) of determining the threshold, it is not possible 
to make as many specific criticisms as in the above cases. However, there 
is at least one point that could have been improved upon. This is contained 
in the following statement. “The metal strip to be tested was carefully 
scraped with a clean knife blade. It was then placed quickly into position 
_and the vacuum pump started.” This suggests the possibility of contamina- 
tion taking place before any readings were made. If all this could have been 
done in vacuum, the results might have been very different. Richardson 
and Compton’s value for Xo was 3370A. 

Hughes used a very ingenious method of preparing a clean metal surface 
in vacuum and at the same time eliminating troublesome surface films. 
However, his method had the undesirable feature that it was impossible to 
perform all the operations in a high vacuum. Hughes’ value for > was 
3233A. 

In reviewing the four methods just discussed one thing should be noted. 
The value ef Xo in each of the cases is greater than that given in this paper. 
This might be explained in the light of Tucker’s work,‘ who found that as 
he denuded a platinum foil of its gases by heating, he was able to push the 
threshold farther and farther into the ultra-violet. He concluded, however, 
that there is a limiting value for \) when all the gases had been driven off. 
.f this same reasoning can be applied to the work on bismuth, it would mean 
that the single crystals broken in vacuum were freer from contamination than 
any of the other surfaces prepared. 

The present paper also gives a second value for the threshold of bismuth 
under conditions differing from the first. In this case, the charcoal trap was 
disconnected from the system and the surface was allowed to age for an 
hour before readings were taken. Very probably a gradual contamination 
took place during this time even though a fairly good vacuum was maintained 
by means of the pumps and liquid air trap. 

At first it was naturally assumed that a bismuth oxide had been formed 
with a corresponding change in the threshold. This seems rather doubtful 
in the light of the experiment in which oxygen was purposely introduced 
into the system. Unfortunately the experimental work on this point was 
not extensive enough to determine whether the oxygen caused any shift in 
the original threshold. The results did show, however, that after a two hour 
period the threshold was still above the 2652A line. Evidently, oxygen was 
not the particular agent which caused the marked change in the threshold 
of the bismuth. Nitrogen and carbon dioxide, the other chief constituents 
of air, were successively tried with similar results. Since then in a fairly 
high vacuum this shift in the threshold does take place and since it apparently 
does not take place in atmospheres of oxygen, nitrogen, or carbon dioxide, 


4 Tucker, Phys. Rev. 6, 574-581 (1923). 
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one must conclude that the contaminating agent is other than those men- 
tioned. 

Two possible sources of contamination can be mentioned: first, all seals 
were made with De-Khotinsky cement; and second, zinc chloride was used 
as the flux in soldering the bismuth to the moving brass system. If some 
component of these two was the responsible agent, one can readily see that 
in a good vacuum it would be a much more important factor of contamination 
where diffusion would be fairly rapid than in an atmosphere of one of the 
three gases at a pressure of 1 mm where diffusion would be slow. This could 
explain why the 2652A line remained active after such a long period of time 
as found in the latter experiments. This point of view is indirectly supported 
by the recent work of Dunn” who found that even in a high vacuum the 
threshold of stagnant mercury changed from 2735A to 2850A and after 
several days dropped to 2680A due to a contamination which he could not 
definitely locate. Evidently, there is quite a field for investigation on this 
point. 

I take this occasion to express my appreciation to Professor Tucker for 
suggesting this problem, and to Professors Merritt and Collins for their 
helpful suggestions during the investigation. 

ROCKEFELLER HALL, 


CORNELL UNIVERSITY, 
July 1, 1927. 


'§ Dunn, Phys. Rev. 29, 693 (1927). 
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PHOTOELECTRIC CONDUCTION IN SELENIUM 
By R. J. 


ABSTRACT 


Variation with light intensity of the photo-current in selenium.—A selenium cell 
is described which gives a photo-current of 10 ma. for a difference of potential of 
100 volts and an illumination of 100 foot-candles. The sensitiveness ratio between the 
currents under light and dark conditions is 100. The characteristics of the cell are very 
constant. The experimental results establish the existence of a linear relation between 
the square of the photo-current and the light intensity. It is pointed out that this 
result substantiates the conclusion that the photo-conduction in selenium is due to 
a photo-electric liberation of electrons rather than to an allotropic change from an 
insulating to a conducting form of selenium. 

Effect of temperature on the photo-conductivity of selenium.—Under dark 
conditions the current through a cell immersed in liquid air dropped in 15 sec. to 35 
percent of its value at room temperature, and in 10 min. to 0.000046 percent. When 
the same cell was illuminated with 100 foot-candles and immersed in liquid air, the 
current increased for 8 min. to about 1.8 times its value at room temperature and then 
decreased until after 3 hours its value was 82 percent of its value at room temperature. 
It is concluded that the mechanism of the current conduction under dark conditions is 
entirely different from that of the photo-conduction. 


I. INTRODUCTION 


URING the past twenty years approximately one hundred scientific 

papers have been published presenting experimental data as to the 
nature of the light sensitive property of selenium. The results have been 
masked by extraneous effects to such an extent that they have been so con- 
tradictory in nature that it has been impossible to establish any one accepted 
theory. The largest volume of work has been done by Brown! and his 
colleagues, Stebbins,’ Sieg,’ Lilah Crum,‘ Kathryn Dieterich,» and E. O. 
Dieterich® at the University of Iowa. This research was pursued under the 
hypothesis that selenium is a composite of three allotropic forms; allotrope 
A, having zero conductivity; allotrope B, conductivity approaching that 
of metals; and allotrope C, an intermediate conductivity. The ratios of the 
three allotropes vary reversibly with light, temperature, and pressure. Their 


1 Brown, Phys. Rev. 20, 185 (1905); 25, 501 (1907); 25, 505 (1907); 26, 273 (1908); 
32, 237 (1911); 32, 252 (1911); 33, 1 (1911); 33, 403 (1911); 34, 201 (1912); 1, 237 (1913); 
1, 245 (1913); 2, 153 (1913); 2, 487 (1913); 4, 48 (1914); 4, 85 (1914); 4, 507 (1914); 5, 72 (1915); 
5, 75 (1915); 5, 167 (1915); 5, 235 (1915); 5, 341 (1915); 5, 395 (1915); 5, 404 (1915); Phys. 
Zeits. 11, 482 (1911). 

2 Stebbins, Astrophys. J. 32, 185 (1910). 

3 Sieg, Phys. Rev. 6, 213 (1915); 7, 397 (1916); 17, 411 (1921); Phil. Mag. 28, 497 (1914). 

4 Crum, Phys. Rev. 33, 538 (1911). 

5 K. Dieterich, Phys. Rev. 7, 511 (1916). 

6 E. O. Dieterich, Phys. Rev. 3, 498 (1914); 4, 467 (1914); 7, 415 (1916); 8, 191 (1916); 
9, 58 (1917). 


664 


PHOTO-ELECTRIC CONDUCTION IN SELENIUM 665 


results were interpreted as substantiation of this theory, which had been 
advanced previously by’Marc’ to explain the influence of temperature on the 
conductivity of selenium, and Monten® the effect of pressure. On the con- 
trary, Pfund® and his students, Nicholson!” and Eliott" at the Johns Hopkins 
University, have interpreted their results in support of the theory that 
selenium conductivity is internal photo-electronic in nature. 

In order to determine whether the selenium conduction is due to light 
converting the insulating allotrope to the conducting allotrope or to the light 
liberating internal photo-electrons, it is necessary to have positive experi- 
mental data as to the relation between the photo-current and the light 
intensity; also the influence of temperature on the light sensitivity. This is 
because these relations can be predicted accurately if the conduction is 
photo-electronic. If the conduction is due to allotropic reversion, these 
predictions would not fit experimental data. The early work on the cur- 
rent: light-intensity ratio is summarized by Brown" as follows: 


Rosse—Adams—Berndt Hesehus 
B=aL Hopius ip/ta=(b/a)* Ruhmer 
i(ti—b)=aL Athanasiadis i=aL Stebbins 


where 7 represents the conduction current; L, the light intensity; and a and } 
numerical constants. More recently Pfund" has shown that for 12.5 seconds 
exposure 


ki®=aL 


where B is a constant for each wave-length. The value of B was found to be 
2.0 for regions of the spectrum from violet to yellow. As red was approached 
B decreased so that with deep red and infra-red B was unity. Nicholson,!° 
working under unfavorably humidity conditions for long exposures, 20 
minutes, found B to be approximately 2.0 for the entire spectrum, although 
for 6000A a repeated value of 2.5 was found. For white light Rankine™ 
found the fourth power of the current to be linear to the light intensity. 
Thirring has found approximately a linear relation between current and 
light intensity. 

Previous results on the influence of temperature on selenium conductivity 
are also conflicting. Pochettino' found that the dark resistance of selenium 
decreased from 31,000 ohms at room temperature to 2600 ohms at liquid 
air temperature, while the light resistance decreased 78,000 ohms to 8700 
ohms. This corresponds to a reduction of 25 percent in sensitiveness (light- 


7 Marc. Zeits. f. Anorg. Chem. 48, 5 (1906). 

8 Monten, Archiv. Math. Ast. Och. Physik 4, 1 (1908). 

® Pfund, Phil. Mag. 7, 26 (1904); Phys. Rev. 28, 324 (1909); 34, 370 (1912). 
1 Nicholson, Phys. Rev. 3, 1 (1914). 

" Eliott, Phys. Rev. 5, 53 (1915). 

® Brown, Phys. Rev. 33, 10 (1911). 

18 Pfund, Phys. Rev. 34, 370 (1912). 

4 Rankine, Phil. Mag. 39, 482 (1920). 

% Thirring, Jour. Sc. Inst. 4, 54 (1926). 

6 Pochettino, Rend. R. Accad. dei Line 11, 286 (1902). 
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dark ratio). Bidwell!’ claimed that the temperature of maximum resistance 
for selenium ranged from 14°C to 30°C. Louise McDowell'® found that 
the dark resistance of selenium increases with decrease in temperature; 
2.9 10° ohms at 23°C, 3.6 10° ohms at —65°C, 9.010° ohms at —90°C 
and 6.010’ ohms at —191°C. Fournier d’Albe'® found that the dark 
resistance of selenium increased from 3.7 10° ohms at 15°C to 10° 
ohms at — 180°C, while the light resistance increased from 1.95 X 10° ohms 
at 15°C to 13.5 10® ohms at —180°C. This gives a reduction of 10 percent 
in sensitiveness. 

The present article includes the results on the influence®® of temperature 
on photo-sensitivity reported before the 1926 meeting of the American 
Association for the Advancement of Science and the data* on the relation 
of photo-current to light intensity presented at the 1927 Washington 
Meeting of the American Physical Society. 


II. APPARATUS AND METHOD 


This investigation was undertaken with the object of developing a 
selenium bridge giving a light current of 10 ma. for 100 volts at 100 foot- 
candles illumination; possessing a sensitiveness ratio of 100 between light 
and dark; and having reproducible and constant characteristics. With 
the technique necessary to build such a selenium cell, the extraneous effects 
disappeared so that the inherent properties of selenium conductivity became 


Fig. 1. Schematic diagram of the selenium cell. 


unmistakedly evident. Several hundred selenium cells have been made with 
identical characteristics. 

A schematic view of the cell is seen in Fig. 1. The alternate leaves are of 
brass, 0.005 cm in thickness and insulating micarta, 0.025 cm in thickness. 
The brass leaves are connected electrically to two electrodes in condenser 
fashion. The over-all dimensions are 8.75 cm square by 0.65 cm thick. 
The bridge is composed of 250 brass leaves, each having an effective length of 
7.5 cm, with a gap 0.025 cm in width. The surface is ground and polished. 
Then a film of selenium is deposited over the bridge with uniform thickness 


17 Bidwell, Phil. Mag. 11, 302 (1906). 
18 McDowell, Phys. Rev. 31, 524 (1910). 
19 d’Albe, Roy. Soc. Proc. 86, 452 (1912). 
20 Piersol, Phys. Rev. 29, 362 (1927). 
21 Piersol, Phys. Rev. 29, 902 (1927). 
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of 0.001 cm. Therefore the equivalent length of the bridge is the number of 
leaves times the effective length of each leaf, which is 1875 cm. 

The selenium was obtained from the Baltimore Copper and Smelting 
Company. But it should be noted that the results are identical using 
selenium from other sources. To convert the selenium to the light sensitive 
form, it was annealed at 180°C for five minutes. Neither the temperature nor 
the time of annealing is as critical as has been supposed. But the thickness 
of the selenium is of crucial importance for two reasons. Brown™ has shown 
that the effective depth for the penetration of light into the surface of light 
sensitive selenium is 0.0014 cm. The primary light current is due to con- 
ductivity only to the depth of light penetration, while the dark current is 
due to body conductivity. Therefore to obtain a large light current-dark 
current ratio the thickness of the selenium film should be not greater than 
0.0014 cm. Secondly it has been shown by Marc® that the action of light 
is far from being confined to the illuminated portion of the bridge. Also 
Brown*™ found a change in conductivity of a selenium crystal 10 mm from the 
point of illumination. This action at a distance is a secondary effect, requiring 
a long time for an equilibrium state. Therefore the entire depth of selenium 
should be acted upon directly by the light, as the secondary effects cause 
conflicting experiment results. 

The selenium bridge is sealed in an air-tight hard rubber case with a 
glass window. The bridge is completely and permanently desiccated by 
enclosing metallic calcium within the case. Not only does moisture give a 
surface conductivity which may be several times larger than the dark current, 
but it also causes electrical polarization as shown by Rankine and Avery.” 


III. Ligut INTENSITY—CURRENT RELATION 


The source of light is a 400 candle power gas-filled projection lamp, 
which is moved along an optical bench to obtain different light intensities. 
Fig. 2A gives the data for a typical set of observations of current and light 
intensity. Fig. 2B reproduces the same data by plotting current squared 
against light intensity. A still more critical graph of the same results is shown 
in Fig. 3 where the log of the current is plotted against the log of the light 
intensity. The slope of the line, which is two, gives the exponent of the 
current. 

The relation between photo-current and light intensity was obtained 
for nine spectral regions by the use of Wratten filters. The experimental 
method is the same as for white light. The glass of the selenium cell is covered 
by the filter. The light intensity is in terms of foot-candles of the light 
falling on the filter. The absolute energy of the transmitted light for each 
filter could be obtained by multiplying the light energy incident to the filter 
by a constant which is a function of the transmission of the filter. But 


2 Brown, Phys. Rev. 34, 201 (1912). 
%3 Marc, Zeits. Anorg. Chem. 37, 459 (1903). 
* Brown, Phil. Mag. 28, 497 (1914). 
** Rankine and Avery, Nature 119, 338 (1927). 
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Fig. 2. Variation with light intensity of the photo-current in a selenium cell. 
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Fig. 3. Variation of the logarithm of the current with the logarithm of the light intensity. 
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the relative values give the desired information. In Fig. 4 line A, with 2.04 
slope, represents the data for Filter No. 25, Tricolor Red, with transmission 
from 5800A to infra-red; line B, with 2.02 slope, Filter No. 29, Red, from 
6000A to infra-red; line C, with 1.98 slope, Filter No. 50, Blue, from 3600A to 
4900A; line D, with 2.00 slope, Filter No. 35, Blue, from 3000A to 4800A 
with a second transmission band from 6400A to infra-red; line EZ, with 1.98 
slope, Filter No. 45, Green, from 3200A to 3900A and from 4300A to 5500A; 
line F, with 1.97 slope, Filter No. 53, Naphthol Green, from 4700A to 6300A; 
line G, with 1.98 slope, Filter No. 49, Blue, from 3600A to 5100A; line H, 
with 1.96 slope, Filter No. 57, Green, from 4500A to 6400A and from 6700A 
to infra-red; and line J, with 2.00 slope, Filter No. 74, Green, from 4900A 
to 5700A. The results, using the nine filters, are shown because they not only 
indicate the exactitude of the linear relation between the square of the 
current and the light intensity for various spectral regions, but also the ac- 
curacy of the individual readings. 


1V. INFLUENCE OF TEMPERATURE 


In general, previous investigators have postulated tacitly that the light 
current and the dark current are of similar nature. In order to study the 
temperature effects on the light current and dark current separately, a cell 
was used with a very large dark current, 1 ma. at 100 volts as compared to 
the corresponding light current of 6 ma. for a light intensity of 100 foot- 
candles. For the light current experiments the selenium cell was placed 
in a vacuum thermos bottle, which had not been silvered. At liquid air 
temperature the light passed through approximately 2 cm of liquid air. 
For the dark current experiments, the cell was covered with photographic 
black paper, being placed in a silvered thermos bottle. 

For dark condition, at 100 volts, the selenium cell passed a current of 
1.08 ma. at 23°C; 6.8X10-* ma. at carbon dioxide snow temperature; and 
5.0 10-7 ma. at liquid air temperature. The rapidity with which the dark 
current falls off when changed from room temperature to liquid air tempera- 
ture is shown by Table I. The third column shows the current at any time 


TABLE I 
Decrease with temperature of the ‘‘dark"’ current through selenium, 23°C to —180°C. 

Time Current Percent Time Current Percent 

0 sec 1.08 ma 100 2 min 0.048 ma 4.4 

15 0.38 35.5 3 0.012 1.1 

30 0.31 28.7 4 0.0031 0.29 
45 0.25 23.2 5 0.00077 0.071 
60 0.17 15.7 6 0.00019 0.018 
75 0.12 11.1 7 0.00005 0.0046 
90 0.093 8.6 10 0 .0000005 0.000046 
115 0.069 6.4 


in percentage of the current at start of cooling. On submerging the cell 
the liquid air actively boiled for a period equal to a reduction of the current 
to about 1 percent. This shows that these results should not be interpreted 
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as a current temperature lag but as a cooling lag of the selenium cell. If 
instantaneous cooling were possible, evidence points to the fact that the 
current would drop to less than 1 percent within a second. The absence of 
current temperature lag for the dark current is made even more evident 
in Table II, giving the results on removing the selenium cell from liquid air. 
During the first 15 seconds the current increases more than 100,000 fold. 


Increase with temperature of the ‘dark’ current, —180°C to 23°C. 


R. J. PIERSOL 


TABLE II 


Time Current Percent 
0 sec. 0.0000005 ma. 0.000046 
15 0.085 7.9 
30 0.32 29.6 
45 0.66 61.7 
60 1.08 100 


When the same selenium cell is plunged in liquid air, illuminated with 
an intensity of 100-foot candles, the results are shown in Table III. 


TABLE III 
Decrease with temperature of the ‘‘light’’ current, 23°C to —180°C. 

Time Current Percent Time Current Percent 
0 min. 6.15 100 15 min 9.69 157 
3 7.83 126 20 8.85 144 
4 8.91 145 25 8.15 133 
5 9.92 161 30 7.47 121 
6 10.30 168 40 6.95 113 
7 10.95 178 60 6.40 104 
8 11.00 179 90 5.64 92 
9 10.85 177 120 5.02 82 

10 10.64 173 180 5.03 82 


First, it is noted that at the end of 8 minutes the current has a maximum 
increase of 79 percent, reaching an equilibrium value, 18 percent decrease, 
at the end of 2 hours. Secondly, a true time lag is very evident in this cell, 
in which the thickness of the selenium is approximately 0.025 cm. Repeated 
observations on different cells gave similar results. Always on cooling the 
light current increased to a maximum greater than that at room temperature, 
decreasing to a final value, about 80 percent of the initial value. Table IV 


TABLE IV 
Increase with temperature of the ‘‘light’’ current, —180°C to 23°C. 

Time Current Percent 

0 min 5.03 82 

10 5.38 87 

15 5.69 92 
20 6.15 100 
25 6.15 100 
30 6.15 100 
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shows data for increasing temperature. Because of the frost on the glass, 
the first reading was taken 10 minutes after removing the liquid air. Again 
time lag is noticeable. 


V. THEORY 


On the theory of internal photo-electronic conduction it is possible to 
calculate the relation between the photo-current and the light intensity. 
Suppose that light of intensity L falls normally on the surface of the selenium. 
Let K be the coefficient of absorption of the light by the selenium. Then 
the amount of light that will reach a layer at distance x within the surface 
is Le-**. If J is the amount of light absorbed in a layer dx in thickness then 


J=ALKe**dx (1) 


Since the number of photo-electrons N ejected from their orbits is pro- 
portional to the light absorbed 


N=pALKe-**dx (2) 


where yu is the proportionality constant. The loss by recombination into 
the orbits will be a’n? A dx, where m represents the number of electrons 
per unit volume. This assumes that there are an equal number of electrons 
and positive ions and that there is random recombination between them. 
Therefore for equilibrium conditions it follows that 


pALKe-**dx=a'n?A dx (3) 
and hence 
n=BL'!2 (4) 


Therefore for applied voltage the current will be 
I=CL!!2 (5) 


The equilibrium condition is reached in a period depending on the average 
time required for a photo-electron to recombine with a positive ion. The 
average time of recombination in an ionized gas is a fraction of a second. 
According to modern theory the time for recombination in a solid should be 
of the same order as for an ionized gas. This is substantiated by the experi- 
mental fact that in a well made selenium cell, with a 100 to 1 ratio, the 
light current is reduced to less than 5 percent of its previous value within 
1 second. In cells where time lag is of the order of hours instead of fractional 
seconds, the cause must be associated with secondary effects. 

The present experimental results for unresolved light are contrary to the 
theoretical considerations of Pfund™ and Nicholson'® who have stated that 
Eq. (5) does not hold for unresolved light because of the fact that C involves 
both K and uy, each a function of the wave-length. But it is obvious that 
when the spectral distribution remains the same for various light intensities, 
both K and yp are constants. Therefore Eq. (5) should hold in these experi- 
ments because the spectral distribution of the light is independent of light 
intensity. 
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A photoelectric theory of selenium conductivity would predict a light 
current practically independent of temperature between 20°C and —180°C; 
while a chemical allotropic theory would predict a radical change of light 
current with a change of temperature. In selenium the effect of temperature 
is different for dark and light current. For a similar temperature difference 
the dark current is changed 2,000,000 times as compared to 0.2 times for the 
light current. Also the dark current is reduced to one tenth of its previous 
value by desiccation. Polarization accompanies large dark current, showing 
that the dark conducitivity is electrolytic in nature. Also the time lag, the 
drifting, and the irregularities of the dark current indicate electrolytic con- 
duction. These observations, coupled with the fact that selenium is a hygro- 
scopic substance, indicate that the dark current is spurious, being due to 
adsorbed vapors. 


VI. CONCLUSIONS 


Experimental results substantiate the conclusion that the photo- 
conduction in selenium is due to a photo-electric liberation of electrons 
rather than to an allotropic change from an insulating to a conducting form 
of selenium. Very exact experimental verification is found for a linear re- 
lation between the photo-current squared and the light intensity, both 
for white light and for different spectral regions. It is shown theoretically 
that the above relation should hold not only for monochromatic light, but for 
unresolved light as well. The photo-current is influenced by temperature in 
a manner similar to the light current in an alkali photo-electric cell. The 
dark current bears no relation to the photo-current. It disappears with 
decrease in temperature. It is associated with time lag, drifting, and absence 
of linear relation between the light current and the square root of the light 
intensity. The dark current is eliminated practically by the use of a thin film 
of selenium. These results have been obtained in an attempt to develop a 
selenium bridge having a high sensitiveness, a large current carrying capacity, 
and uniformity of operation. A large current has two advantages. It is 
not necessary to use high sensitivity instruments, in which the accuracy of 
the results is influenced by insulation leakage. Also a bridge 1800 cm in 
length averages the results of the 1800 readings for a bridge 1 cm in length. 

RESEARCH DEPARTMENT, 

WEsTINGHOUSE ELEc. & Mrc. Co., 


East PITTSBURGH, PENNSYLVANIA, 
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THE HALL EFFECT AND RESISTANCE IN SPUTTERED 
TELLURIUM FILMS 


By F. W. WarRBURTON 


ABSTRACT 


Effect of heat treatment on the Hall e.m.f. and resistance of sputtered tellurium 
films.-—Aside from an ageing process the Hall e.m.f. was found to be directly pro- 
portional to the resistance both when the temperature coefficient of resistance was 
negative and when it was positive. The films were from 10~* to 10-* cm thick. Heating 
the film in a gas (air or hydrogen) when the film was not completely aged brought 
departures from the proportionality between Hall e.m.f. and resistance, while pump- 
ing out and cooling returned the film to its previous condition. 


HE Hall effect in thin sputtered films of gold was found by Mackeown! 

to be independent of the resistance of the film when the latter decreased 
over a wide range during the process of ageing at room temperature. Various 
theories, including those of Lorentz,? Richardson,’ Eldridge,* and Page, 
give the Hall coefficient as dependent upon the resistivity. The resistance 
of a metal is a function of temperature, and the resistance of thin films de- 
pends on the previous heat treatment as well. Reynolds® has found that by 
suitable conditions of sputtering and by heat treatment both a negative 
and a positive temperature coefficient of resistance may be obtained in thin 
films of platinum. It was believed instructive therefore to find whether the 
Hall effect in sputtered films remains independent of resistance or varies with 
resistance when the changes are made by heating. Tellurium has, at room 
temperature, a positive and an extraordinarily large Hall coefficient and the 
effect reverses at moderately high temperatures. Sputtered films of tellurium 
offered many possibilities. 


APPARATUS AND PROCEDURE 


In order to make measurements of the Hall e.m.f. and resistance without 
exposing the film to air, a small sputtering jar, three inches in diameter was 
built between the pole pieces of a large electromagnet. 

The sputtering electrodes and the glass plate onto which the film was 
deposited were in vertical planes and the sputtering was horizontal. The 
plate was in the center and directly between the pole pieces and measure- 
ments could be made without moving the film. An inverted Pyrex beaker 
with the edge ground smooth was used for the sputtering jar, and a clean, 


1 Mackeown, Phys. Rev. 23, 85 (1924). 

? Lorentz, Versl. Kon. Akad. Amst. (2), 19, 217 (1884). 
3 Richardson, Electron Theory of Matter, p. 434. 

4 Eldridge, Phys. Rev. 21, 131 (1923). 

5 Page, Phys. Rev. 24, 283 (1924). 

6 Reynolds, Phys. Rev. 24, 523 (1924). 
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soft rubber gasket used at the base. While the pumps maintained a fair 
vacuum, the seal was not sufficiently tight to insure that the initial residual 
gas, argon, remained in the jar throughout the sputtering of the film. It was 
found convenient frequently to sputter in a larger jar, then transfer the film 
to the beaker jar for measurement. A seal with de Khotinsky cement in 
place of the rubber gasket was very satisfactory and held a good vacuum 
but the cement was difficult to remove. The de Khotinsky was melted in 
place on the cold glass by a very fine hydrogen flame, which melted the 
cement without burning it. . 

The cathode was cast from tellurium powder which had been purified by 
distillation, by melting the powder in a stream of hydrogen, the molten 
tellurium flowing down a tube into a graphite mould. The tellurium was 
kept under hydrogen until cold. This is essentially the method used by 
Wold,’ whose plates were found to be very pure. 

The tellurium films, 5 cm square, were sputtered onto glass plates over- 
lapping heavily sputtered gold terminals. The copper connecting wires were 
rigidly clamped to the gold sputtered terminals. Soft lead foil was placed 
between the copper wire and the gold to prevent the latter from becoming 
scratched. The difference in the reading of the voltage between the two 
Hall terminals, with the magnetic field off and with it on, gave the Hall e.m.f. 
It was at times necessary to use an auxilliary balancing potential. 

The current through the film was regulated by minute variations of the 
filament current of a radio tube (grid connected to piate) placed in series 
with the film and a 45 (or 90) volt storage battery, so that the current through 
the film was independent, or nearly so, of its resistance. To correct for the 
drift of the galvanometer of the potentiometer, due mainly t8 slow changes 
in the film, the potential difference between the Hall terminals was read in 
sequence for the magnetic field, /7=0, H direct, H=0, H reversed, H=0, 
H direct, H=0, H reversed, and /J =0, at equal time intervals, usually about 
twenty seconds, as rapidly as settings could be made. The intermediate 
readings for 7=0 were usually omitted, since they were unnecessary in 
taking the average. By this method readings could be taken while the 
resistance, temperature and Hall effect were changing, the values for tem- 
perature and resistance before and after being averaged. The current through 
the film was reversed and the above procedure was repeated as a check. 
The primary current was read on a suitably calibrated galvanometer. The 
magnetic field was calibrated by a bismuth spiral. 

In order to measure the thickness of the film, or rather the mass per 
square centimeter, a small piece of mica placed directly beside the film 
during sputtering was weighed before and after deposition. 

A thermocouple was placed near each Hall terminal and rough checks 
on the Ettingshausen effect indicated that it was small compared to the 
large Hall effect. 

The temperature of the glass plates onto which the films were deposited 
was controlled by a flat electric heater placed in contact with and directly 


7 Wold, Phys. Rev. 7, 169 (1916). 
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behind the plate. The temperature ranged, in the various films, from room 
temperature to 100°C. In general, films sputtered onto cold plates came 
slowly and had a negative temperature coefficient of resistance, while those 
sputtered onto hot plates came much more quickly but were partly aged 
and had, or soon acquired on heating, the positive resistance-temperature 
coefficient. 


RESULTS 


Figs. 1 and 2 show the proportionality of the Hall e.m.f. to the primary 
current and to the magnetic field respectively. No good check was obtained 
on the variation of the Hall e.m.f. with thickness since the films were de- 
posited at different temperatures and were treated differently so that it was 
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Fig. 1. Hall e.m.f. as a function of current. Fig.2. Halle.m.f. asa function of magnetic 
field. 


impossible to find exactly corresponding conditions. However the data 
indicate, if anything, a proportionality to the reciprocal of thickness rather 
than independence of thickness. 

The straight lines, A and B of Fig. 3, show that, aside from an ageing 
' effect,’ the Hall e.m.f. is directly proportional to the resistance of the film 
when the latter is changed by heating in vacuum. It is to be noted that after 
the rapid ageing by heat treatment (a-f), the Hall e.m.f. had the same value’ 
as before heating, five millivolts, although the resistance had decreased to 
one-sixth of its previous value. This fact and also the doubling of the 
resistance while the Hall e.m.f. remained constant (f-g), are consistent with 
the results obtained by Mackeown, who found that the Hall e.m.f. is in- 
dependent of the change in resistance by ageing at room temperature. Con- 
tinued treatment however brought changes in the film after which neither 
the Hall e.m.f. nor the resistance returned to the same value as before at 
room temperature. In contrast to the changes corresponding to the ageing 


8 Ageing of the type observed by Mackeown. 
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process a-b and d-e, this latter ageing process® results in a change of Hall 
e.m.f. proportional to the resistance. 


A-negative temperature coefficient of resistance 
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Fig. 3. Hall e.m.f. as a function of resistance: a, film heated slowly; }, air admitted (to 
pressure of 1 cm), temperature constant } hour; c, air pumped out, heater turned on; d, heating 
discontinued since Hall e.m.f. began to increase rapidly; d-e, rapid ageing of film, reversal of 
temperature coefficient of resistance (negative to positive); e, slow cooling begun; f, air ad- 
mitted at atmospheric pressure; g, air pumped out and heater turned on; h, data became erratic 
at 70°C, heater disconnected; h-—j, data for second cooling shown by double circles. A sub- 
sequent heating and cooling gave points on same line j—f-h. 
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Fig. 4. [Behavior of Hall e.m.f. and resistance when the film is heated to a temperature 
above that of annealing: a—b-c, a’—b’-c’, heating; c-d, c’—d’, cooling. Surface density of film 
=1.2X10- grams/sq. cm. 


® The permanent decrease in Hall e.m.f. and resistance proportionately (f—j), may be 
described by postulating a secondary ageing process closely allied to the reproducible direct 
proportionality between the Hall e.m.f. and the resistance. The ageing observed by Mackeown 
and also appearing in this film (a, f, g), which consists of a change in resistance while the Hall - 
e.m.f. remains constant, is a process of a different kind. 
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Curve B, Fig. 4, shows the decrease in resistance in a film which was 
heated to a temperature above that at which it had previously been treated. 
Curve A shows the simultaneous decrease in the Hall effect. The rapid 
decrease in Hall e.m.f. and resistance above 80°C suggests a change in 
structure in the metal. The corresponding curve C shows that the Hall 
e.m.f., although not directly proportional to resistance, varies in a regular 
way with resistance even through the period of rapid ageing where the 
changes in the film are not reversible. The regularity of curves A and C 
during the reversal of the Hall e.m.f. (negative to positive) is seen more 
readily in the insert at the top, where the ordinate scale is magnified ten 
times. 

The upper line, a-b, in Fig. 5, shows reproducible results in a film having 
a positive temperature coefficient of resistance (the same film as in Figs. 1 
and 2). The lower lines show the effect in this fairly stable film of heating 
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Fig. 5. Hall e.m.f.-resistance curve in a film having a positive temperature coefficient of 
resistance. Heating in hydrogen: a—b-a’, heating and cooling; a’—b’-c, second heating and 
cooling, data indicated by double circles; c-d, increase of resistance and Hall e.m.f. overnight 
by leakage into system of air (to a pressure of about 4 cm); d, pumps turned on; e, hydrogen 
admitted cold at atmospheric pressure; f, heater turned on; g-h, temperature maintained con- 
stant at 37°C for 1 hour; h, heating resumed; i—j, cooling; k, after film had stood in hydrogen at 
room temperature overnight; k-e, pumping out hydrogen. Data for Hall e.m.f. above 80°C 
was erratic. Surface density of film =1.010~ grams/sq. cm. 


and cooling in hydrogen. The corresponding curve showing the positive 
(though not constant) temperature coefficient of resistance, is shown in 
Fig. 6. Plotting Hall e.m.f. against temperature gave a curve very similar 
to Fig. 6. The lag of Hall e.m.f. and resistance behind the temperature 
(g-h, j-k) indicating that the change in the metal is a slow process may be 
responsible for the shape of the curve in Fig. 6, it requiring a longer time for 
equilibrium to become established at 50°C to 60°C (a temperature above 
which the film had not previously been treated) than was allowed between 
readings. 
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The admission of oxygen to this film increased the Hall e.m.f. and 
resistance a small amount in the same ratio as was the case with hydrogen, 
and the heat and gas treatment in this more or less aged film was not con- 
tinued. 
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Fig. 6. Positive resistance-temperature coefficient for film of Fig. 5. 
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Fig. 7. Hall e.m.f.-resistance curve in a film having a negative temperature coefficient of 
resistance. Hydrogen and heat treatment: a, heater turned on; 6, hydrogen admitted to 
pressure of } cm; H, hydrogen admitted to pressure of 3 cm; H’, heater disconnected; c, pumps 
started; d, hydrogen admitted cold; e, heater turned on; f, heater disconnected and pumps 
started; g-h-e, double circles indicate subsequent heating and cooling; H, H’, H’’, points 
taken directly after the admissions of hydrogen. 


It came as a surprise that the changes in the Hall e.m.f. followed those 
of resistance so well during the gas treatment, since in Fig. 3 the admission 
of air doubled the resistance without increasing the Hall e.m.f. at all. 
A possible explanation is that the adsorption of the gas, hydrogen or oxygen, 
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when the film is aged and its structure stable, acts only to separate the 
molecules of tellurium, while in the less stable unaged film oxidation and 
other complications occur. 

The effect of hydrogen and heating in an unaged film, one having a 
negative temperature coefficient of resistance, is shown in Fig. 7. The low 
precision is due to the high resistance of this film. The range of temperature 
through which the film could be varied without danger of rapid ageing was 
very limited. The important thing about this film is that after the excursions 
by gas and heat treatment the film returned to the previous condition, the 
Hall e.m.f. having the same proportionality to resistance as before. 
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Fig. 8. Negative resistance-temperature coefficients for film of Fig. 7. 


The Hall coefficient in the films here described was negative and some- 
what less than the positive coefficient for the metal in bulk. Another film 
which was sputtered cold for a long time, and which was very thick and 
quite black showing the oxide, had a positive Hall e.m.f. and a negative 
temperature coefficient of resistance, the Hall e.m.f. being roughly pro- 
portional to the resistance. Whether the positive sign was due to the thick- 
ness or to the oxide was not evident. Most of the films were deposited hot. 
It is highly probable that the films were in the crystalline form that Wold? 
suggested for his negative Hall coefficient for tellurium between 30°-100°C 
and 245°C. Moreover the reversal shown in Fig. 4 checks very well with 
this assumption, the difference in temperature of the reversals being un- 
important since the crystalline structure of the different films with their 
varied treatments may be widely different. Wold found the first reversal 
to vary widely with temperature and the negative coefficient nearly to dis- 
appear after successive heat treatment. Consistent with his observation, 
the Hall effect, during the cooling of this film, though definitely negative, 
was very small and therefore difficult to obtain accurately. 


SUMMARY 


In the sputtered films of tellurium studied, two results have been ob- 
served, at times simultaneously: 
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(1) The Hall effect has been found to be proportional to the resistance 
of the film, when the latter is changed by heating within a limited tempera- 
ture range, a change which presumably does not involve a change in the 
crystal structure of the metal. This proportionality holds both when the 
temperature coefficient of resistance is positive and when it is negative. This is 
tantamount to saying that the temperature coefficient of resistance and the 
temperature coefficient of the Hall effect are proportional. 

(2) There is also a process of ageing which can be hastened by heat treat- 
ment during which the Hall e.m.f. in a film is independent of resistance and 
has a definite value at a given temperature. 

Effect (2) occurs more frequently in films having had little or no treat- 
ment and (1) maintains after treatment and appears in films sputtered onto 
hot plates. 

Annealing the film at temperatures higher than that of its previous treat- 
ment brings about transformations which are not reversible, but even then 
the Hall effect and the resistance are closely linked together. 

The admission of the gases, air, hydrogen and oxygen under certain con- 
ditions affected the Hall e.m.f. and the resistance alike, while gas and heating 
together brought about radical departures from the proportionality of the 
Hall e.m.f. to resistance, and cooling and removing the gas returned the 
Hall e.m.f. and resistance to their original relation. 

The proportionality of the Hall e.m.f. to the resistance is consistent with 
the view that the negative temperature coefficient of resistance is due to 
the preponderance of the effect of the increase, as temperature rises, in the 
number of electrons separating from the atomic centers and taking part in 
the conduction of current. The less the atomic forces oppose the longitudinal 
motion of the electrons, the smaller is the resistance measured, and the less 
the atomic forces oppose the transverse motion of the electrons the smaller 
is the Hall e.m.f. 

In conclusion, the writer wishes to express his appreciation of the interest 
shown in the problem and the valuable suggestions given by Professor F. K. 
Richtmyer, under whose direction this investigation was carried on. 

DEPARTMENT OF PuHysics, 


CORNELL UNIVERSITY, 
June 30, 1927. 
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MAGNETIC PROPERTIES OF THIN FILMS OF 
ELECTROLYTIC IRON 


By E. P. T. TyNDALL 


ABSTRACT 


Magnetization curves and hysteresis loops for electrolytic Fe films, 26.5 to 102 
my thick.—F ilms of iron are made by electro-deposition on brass tubes. The thickness 
ranges from 26.5 to 102 millimicrons. Magnetization curves and hysteresis cycles are 
obtained by a magnetometric method. The films show increasing magnetic hardness 
with decreasing thickness. In a 150 gauss field the maximum intensity of magnetiza- 
tion reached is 1480 units for a thickness of 50 millimicrons. Thicker and thinner 
films are slightly less completely saturated. The coercive force, from Haz = 150, is 

_ related to the thickness as follows: H.=5 X10*/(89@+2260), where @ is the thickness 
in millimicrons. The theory of McKeehan is found adequate to explain the observed 
magnetic properties, which are traced to the constraint placed on the films by the 
cathode on which they are deposited. It is further shown that the films when 
demagnetized must be in a state of tension. Other considerations supporting the views 
cited are advanced. 


INTRODUCTION 


Macs ETIZATION curves and hysteresis cycles for iron films deposited 

electrolytically have been obtained by many observers.! Where the 
iron has not been given an anneal before testing, all observers agree in finding 
it magnetically very hard and in some cases of rather low maximum in- 
duction. Maurain? obtained hysteresis loops almost rectangular in shape, 
the remanence being more than 90 percent of the maximum magnetization 
and the coercive force about 20 gauss. He attributed these peculiar charac- 
teristics to the fact that the iron was deposited in a magnetic field. Kaufmann 
and Meier® subsequently showed that the same type of loop could be obtained 
for iron deposited in zero field, provided ammonia was added to the electro- 
lyte, and that the whole effect could be attributed to hydrogen occluded by 
the iron during deposition. Take Soné‘ substantiated this conclusion. In all 
these cases the thickness of the films seems to have been of the order of 1000 
millimicrons or more. Maurain' later described observations on thinner films 
which led him to postulate the existence of a “contact field,’’® and a “critical 
thickness” of about 80 millimicrons. He supposed that the process of mag- 
netization was different for iron films of thickness less than this. No mag- 
netization curves or hysteresis loops were obtained for these very thin films. 


1 For literature before 1915 see Graetz: Handbuch der Elektrizitait u. des Magnetismus. 
4, 715, 752, (1920). 

? Maurain, Jour. d. physique (3) 10, 123 (1910). 

* Kaufman and Meier, Phys. Zeits. 12, 513 (1911). ad 

* Take Soné, Tohoku Univ. Sci. Rep. 4, 313 (1915). 

5 Maurain, Jour. d. physique (4) 1, 90, 151 (1902). 

® See Natl. Research Council Bull. 3 (No. 18), 130, Aug., (1922) Theories of Magnetism. 
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Two observers, however, have obtained such curves for films of iron less 
than 100 millimicrons thick. The films were prepared in both cases by the 
evaporation method. Sorensen’ obtained hysteresis loops similar in shape 
to those obtained by Maurain, the distinguishing feature being a large 
remanence (about 90 percent). For films less than 60 millimicrons the 
coercive force is about 100 gauss, while for those of greater thickness it is 
in the neighborhood of 40 gauss. A critical thickness of 60 millimicrons was 
considered established. Edwards,* working with similar iron films, obtained 
by a like argument a critical thickness somewhere between 35 and 44 milli- 
microns. His results are discussed in more detail below. In both the cases 
just mentioned the values of maximum induction vary through a wide 
range. 

The writer has succeeded in preparing electrolytic films of iron within 
the range of thickness investigated by Sorensen and Edwards and having 
very similar magnetic properties. The intensity of magnetization is found 
to be practically constant for all thicknesses, and the coercive force increases 
with decrease of thickness in a continuous manner without evidence of any 
critical thickness. 


PREPARATION OF FILMS 


The electrolytic cell is a vertical glass cylinder, 3 cm inside diameter. 
The anode consists of three vertical platinum wires equidistant from the 
axis of the cell and from each other. They are held rigid and straight by being 
attached at the upper and lower ends to hard rubber rings which are in turn 
held in position by three glass rods, each of which is midway between two 
adjacent anode wires. The cathode is a brass tube 30 cm long and 0.55 cm 
in outside diameter. While in the cell each end of the cathode is sealed by a 
short section of solid brass rod of the same outside diameter screwed into the 
tube. Copper washers are used to prevent leaking of the solution into the 
hollow cathode. The cathode is held accurately on the axis of the cylindrical 
cell. The upper solid rod and the three anode wires project above the level 
of the liquid and to these electrical connections are made. ~ 

The electrolyte is made by dissolving Merck’s reagent quality ferrous 
ammonium sulphate in distilled water which has been boiled and cooled. 
Solutions are made and films deposited at 23°C. Concentration is 2.9 percent 
for all films but two (Nos. 26 and 27) for which it is 3 percent. Table I 
gives detailed data on the conditions of deposit. The mass is determined by 
weighing the cathode before and after deposition and the thickness computed 
by assuming the density to be that of bulk iron. In two cases (marked with 
an asterisk) the cathode leaked and the mass had to be determined by com- 
putation from the average value of the product of depositing current and 
time of deposit for the other films (except Nos. 26 and 27, for which this 
product is different). All films for which the same letter appears in the last 
column are made from the same solution. In these cases a quantity of solu- 


7 Sorensen, Phys. Rev. (2) 24, 658 (1924). 
8’ Edwards, Phys. Rev. (2) 29, 321 (1927). 
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tion four or five times that needed to fill the cell is made up and between 
each deposition the cell is drained into the stock bottle of solution, from 
which, after filtering, the next filling of the cell is made. Immediately before 
weighing, each cathode was always polished with 0000 emery paper, and 


TABLE I 
Data concerning conditions of deposit. 
Number m Thickness I t It m/It Solution 
mass (my) Depositing time 
(mg) current (seconds) 
(amperes) 

26 1.7 41.3 1.15 10 11.5 0.148 A 
27 1.6 39.0 1.45 8 11.6 .138 A 
28 2.75 67.0 1.2 13 15.6 .176 B 
29 2.4* 58.5 1.2 11 13.2. B 
30 4.2 102.0 1.2to1.4 B 
31 1.8 44.0 1.2 8 9.6 .188 B 
32 1.24 30.0 1.2 6 7.2 .172 B 
33 3.3 80.0 1.2 15 18.0 183 B 
34 2.05* 49.5 1.2 9.4 11.3 Cc 
35 1.35 33.0 1.2 6.2 7.44 181 
36 1.10 26.8 1.2 4.5 5.40 . 204 Cc 


repeatedly washed in boiling distilled water and dried with filter paper. It is, 
of course, not touched by hand during this process. The iron deposits ob- 
tained are very bright and smooth and last for weeks without rusting or 
tarnishing. Of their uniformity more will be said later. 


METHOD OF MEASUREMENT 


The magnetization curves and hysteresis loops are obtained by a null, 
astatic magnetometer of similar design to one which has been described else- 
where,’ although in construction the present instrument is very much im- 
proved. The balancing Helmholtz coils are smaller and nearer the magnetic 
needles. An adjustment is also provided by which the magnetic axes of the 
two needles may be brought into the same direction, making the instrument 
highly astatic, since the moments of the needles are equal within a fraction 
of a percent. A vertical solenoid is used to provide the field for neutralizing 
the vertical component of the earth’s field and for producing the magnetizing 
field. The windings for this purpose are made on two concentric Pyrex glass 
tubes. A single layer winding on the inner tube provides the neutralizing 
field. A second layer on this tube and five layers on the outer tube produce 
the magnetizing field. Compressed air is blown through the space between 
the two tubes for cooling. The outside diameter of the whole solenoid is 3.2 
cm. The inside diameter of the inner tube is just large enough for the cathode 
(outside diameter = 0.55 cm) to slide freely in it. The solenoid is 85 cm long, 
and is supported on a solid framework of 2” 4” timbers fastened to a firm 


® Tyndall, Jour. Op. Soc. Am. and R.S.I. 9, 465 (1924). It has several times been called 
to the writer’s attention that this design is not in all respects as novel as the above article 
makes it appear. The writer gladly admits this and wishes to make a somewhat belated 
acknowledgment to all who have utilized the idea before. 
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table. Its axis is vertical and is distant 3.2 cm from the axis of the mag- 
netometer. Appropriate sets of coils, connected in series with the neutralizing 
and magnetizing windings of the solenoid, respectively, compensate approxi- 
mately the direct effect on the magnetometer of current in the solenoid. An 
exact and lasting compensation, when a large magnetizing current flows for 
any length of time, is apparently impossible, presumably because of dis- 
tortion of the solenoid with slight changes in temperature. The usual method 
of using the magnetometer has, therefore, been modified. It is mounted with 
the central point between the magnetometer needles 14 cm below the center 
of the solenoid. When the specimen is in the customary position, i.e., with 
each pole at the same horizontal level as one of the magnetometer needles, 
the effect it produces is a maximum. When the specimen is raised through 
a suitable vertical distance it produces no effect on the magnetometer, but 
is in the same’? field. Thus the position of the spot of light on the scale is 
observed with the specimen up; when it is lowered, a suitable current in the 
balancing Helmholtz coils brings the spot back to the same reading. This 
method has been found very convenient and rapid and is entirely independent 
of the disturbing effects mentioned above. The “rest position’’ for the spot 
of light is, of course, slightly different at different field-strengths, but this 
can be controlled, if it appears to be getting too far off, by a slight readjust- 
ment of the compensating coils. A bank of carbon filament lamps serves as 
a resistance in the magnetizing solenoid circuit so that the field can be in- 
creased and decreased by steps. 


CALIBRATION OF THE MAGNETOMETER 


The magnetometer can, of course, be calibrated from its dimensions, 
distance of specimen, etc., but it has been found more convenient to use a 
single layer calibration solenoid" of the same length (30 cm) and of approxi- 
mately the same diameter as the specimens to be tested. This is placed in 
the inner tube of the magnetizing solenoid in the position for maximum effect. 
A certain current in the calibrating solenoid is balanced by a suitable current 
in the Helmholtz coils. A simple computation gives the factor by which 
balancing current (Helmholtz coils) must be multiplied to obtain the mag- 
netic moment of the specimen. 


UNIFORMITY OF FILMS 


Preliminary results on a first set of films, which were, however, deposited 
in a somewhat flimsily constructed cell, were exceedingly erratic. The 
coercive force shows, indeed, a general tendency to increase with decreasing 
thickness, but in some cases coercive forces of films of the same thickness 
differ as much as 50 percent from the mean. Moreover, the maximum in- 
tensity of magnetization (for H=150 gauss) varies through wide ranges, 


10 That is to say, in the same field to a close enough approximation for specimens which 
are magnetically hard. The method would undoubtedly lead to grave errors for material of 
high permeability. 

1 Suggested by the use of a like device by Bozorth, Jour. Op. Soc. Am. R. S. I. 10, 591 
1925. 
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from 800 to 1500 in one extreme case. It was also found that different mag- 
netization curves were obtained depending on which end of the specimen 
was up when it was measured. The trouble was suspected to be due to 
slight inhomogeneities in the films, probably in their thicknesses. The uni- 
formity of some of these first films was tested in the fashion described below 
and they were indeed far from uniform. The electrolytic cell which has 
already been described was then made and used to deposit a new set of films 
and it is these that are listed in Table I. Several of these are not satisfactory, 
but data on all are included. 

The test for uniformity consists in placing the specimen in the solenoid, 
putting on a field of about 150 gauss and reducing it to zero. Balancing 
currents in the Helmholtz coils are then observed for various positions of 
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Fig. 1. Test for homogeneity of films. 


the specimen between its lowest position (maximum effect) and a position 
31 cm higher. The balancing current at a certain position may be plotted 
against the elevation of the specimen. Such a plot is shown in Fig. 1 for all 
the films of Table I. The solid line in each group of curves represents the 
ideal case. It is obtained in two ways which give practically identical results: 
(1) the calibration solenoid, in which a constant current is maintained, is 
carried through the process just mentioned; (2) by computation, assuming 
two point poles 30 cm apart. It will be noticed that all the curves depart 
appreciably from the ideal line. This is not surprising when it is considered 
that the poles of the actual specimens are not located at the ends. The effect 
in the lowest position is, therefore, somewhat less in actual magnitude and 
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the rest of the curve is raised proportionately. The curves for films Nos. 29, 
30, 33 and 34 are in such excellent agreement that it seems likely that this 
is perhaps the true curve for an actual iron film of uniform thickness. The 
three curves in the upper group depart seriously from this ideal and the 
results obtained for at least two of these films are not in accord with all the 
others, as will be seen later. It may be stated that in Fig. 1 the balancing 
current is plotted with an arbitrary maximum value of 10 and as a positive 
quantity throughout, although it naturally reverses where the curves touch 
the x-axis. 


RESULTS 


Magnetization curves of three typical films are shown in Fig. 2. The 
corresponding hysteresis loops, immediately following these initial mag- 
netizations, are shown in Fig. 3. Readings were not taken for negative 
values of H, though of course the specimens were carried through the whole 


ven 


H (gauss) H (gauss) 


Fig. 2. Initial magnetization curves. A, No. 30,102 my; B, No. 29, 58.5 mu; C, No. 32, 
30 mu. Observations marked with a diagonal line were taken with the specimen inverted, i. e., 
with the upper end, during deposition, down. 
Fig. 3. Hysteresis loops. Symbols have the same significance as in Fig. 2. 


cycle. The agreement in magnitude between positive and negative values 
of intensity of magnetization for zero field is a good indication of the sym- 
metry of the loops. For each film an initial magnetization curve and hys- 
teresis loop were taken with the upper end (i.e., the upper end during 
deposition) up and check points were taken with the specimen inverted. 
Specimens were, of course, carefully demagnetized before beginning the 
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magnetizing process. Particular care had to be taken in demagnetizing the 
thinnest films. 

The intensity of magnetization for a field of 150 gauss is plotted in 
Fig. 4 (a) (points indicated by circles) against film thickness. The two 
extra points (marked by diagonal lines), at 26.5 millicroms and 30 millicrons 
are for a field strength of 200 gauss. At 44 millicrons two points are plotted, 
one being the value obtained with the specimen (No. 31), one way up and the 
other with it inverted. The serious disagreement between these two points 
and their low position in comparison with the curve drawn through the other 
points are apparently consequences of the lack of uniformity in this film to 
which reference has already been made. The low value of the point at 33 
millimicrons (No. 35) has a similar explanation. The two points for the 
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Fig. 4. (a) Intensity of magnetization as a function of thickness. (b) Coercive force as a function 
of thickness. 


+ 


26.5 millimicron film are no doubt too low also, since the curve in Fig. 1 for 
this specimen departs far from the ideal curve. However, discarding these 
doubtful cases, it is easy to draw a very definite, smooth curve through the 
other points. The maximum value of intensity of magnetization is practically 
in exact agreement with the accepted value for pure iron. Gumlich,! for 
instance, gives for a very pure sample, prepared electrolytically: B =19,160 
(as deposited) and B =18,870 (annealed), for a field strength of 150 gauss. 
The corresponding intensities of magnetization are 1510 and 1490. The 
highest value in Fig. 4(a) is 1480. The intensity of magnetization un- 
doubtedly decreases slightly as film thickness increases from 50 to 100 milli- 
microns. It seems possible, judging from the shape of the magnetization 
curves of Fig. 2, that the saturation intensity of magnetization for films of 
about 50-60 millimicrons is slightly higher than for a thickness of 100 milli- 


| 
| 
| 


688 E. P. T. TYNDALL 


microns. The reason for the decreasing intensity of magnetization below 
about 50 millimicrons is apparent from the relative course of the curves of 
Figs. 2 and 3, since in the thinnest films the 150 gauss field is not large enough 
to carry the magnetization much over the “knee” of the curve. In Fig. 4(b) 
is given a plot of coercive force, from H=150 gauss (points indicated by 
circles), against film thickness. The points at 44 millimicrons (No. 31) and 
33 millimicrons (No. 35) are again off the curve determined by the other 
points. Coercive forces after magnetization by a 200 gauss field are indicated 
as before for 30 millimicrons (No. 32) and 26.5 millimicrons (No. 36). 
The dashed-line portion of the curve is considered uncertain, on account of 
the lack of reliance to be placed in the points at 26.5 millimicrons (No. 36). 
It will be seen that coercive force is a continuous function of thickness with 
no sign of a critical thickness of either 40 millimicrons (Edwards) or 60 
millimicrons (Sorensen). In the thickness range from 30 to 90 millimicrons, 
the relation of thickness to coercive force may, moreover, be expressed with 
a fair degree of accuracy by the very simple relation: 


H.=5X108/(890-+ 2260) , (1) 
in which H, is the coercive force in gauss and 0, the thickness in millimicrons. 


COMPARISON WITH PREVIOUS RESULTS 


In Fig. 4(b) the results of Edwardsare plotted as crosses. Before plotting, 
a “corrected thickness’? was obtained for each film. It is computed by 
assuming that variations in the measured maximum induction were due 
solely to errors in weighing. Thus the ratio of the measured to the correct 
value of the maximum intensity of magnetization is the factor by which the 
observed thickness is multiplied to give the corrected thickness. For the 
eleven thickest films (reference 8, Table IV), their average intensity of 
magnetization (J =1300, for H =139) is used as the correct value, while for 
the five thinnest films their average (J = 1000) is used. After such a correction 
Edwards’ results (with the exception of three points) lie fairly well on a 
smooth curve of the same general type as the writer’s. His data as here 
treated do not therefore justify the assumption of a critical thickness. The 
results of Sorensen are otherwise: his films as measured undoubtedly lie in 
two distinct classes, and no reasonable re-interpretation is able to bring his 
data into accord with Edwards’ or the writer’s. 


DISCUSSION 


The results show very definitely that electrolytic iron films, deposited 
as described above, if placed in a high enough field, reach a value of intensity 
of magnetization which is almost independent of film thickness and which 
is very close to that expected of pure iron. Discordant and erratic results 
are, however, always obtained if the films exhibit inhomogeneities. The 
agreement, in general character, of Edwards’ and Sorensen’s results with 
those presented here makes it appear likely that there exists a characteristic 
process of magnetization for thin films deposited on a solid base, independent 
of the method of preparing the film. 
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The most promising interpretation of the magnetic behavior of these 
films is based on McKeehan’s”:* theory. The thin film and its base may 
be considered as a typical case of a hard magnetic material."* The details of 
the process of magnetization are considered to take place in the following 
manner. The magnetization of the iron film sets up a longitudinal strain in 
the iron, which, moreover, is compressional because the Joule effect for iron 
in fields below 300 gauss is an increase in length. This strain may be divided 
into two parts, the first of which is due to the required expansion of the yet 
unmagnetized iron, while the second is due to the fact that the base (brass 
cathode) must also be increased in length. The elastic force called into play 
by the latter is relatively much larger than the former because of the greater 
cross-sectional area of the base. This change in dimension of the base—the 
expansion being entirely within the elastic limit—is accompanied by tix 
storing of a small amount of potential energy in the brass cathode. This 
energy is subsequently available to help the demagnetizing process. The 


Fig. 5. Mechanical model. A, elliptic cam; SS’, stiff springs. 


main function of the elastic force exerted by the base is conceived, however, 
to be the effecting of an enormous increase in the resistance offered to “atomic 
magnetostriction,” and the necessary energy, derived from the magnetic 
field, to overcome this resistance is dissipated, causing great magnetic hard- 
ness and high hysteresis loss. 

The way in which the action of an “elastic force’ may produce a “‘non- 
elastic’ type of resistance can, perhaps, be made plainer from a mechanical 
analogue which the writer owes to his colleague, Dr. A. Ellett. The cam, A, 
in Fig. 5 is situated between a stationary base and an upper support, which 
is held in place by a system of very stiff springs. There is friction between 
the cam and the surfaces with which it is in contact. A large amount of work 
must be done to turn the cam from one position to another. A little of the 
energy required is stored in (or received from) the springs. Most of it is 
dissipated, being done against friction. The frictional force, and therefore 
the energy dissipated, is dependent on the compressional strain in the springs. 

12 McKeehan, Phys. Rev. (2) 26, 274 (1925). 


18 McKeehan, Jour. Frank. Inst. 202, 737; (1926). Bell Tel. Lab. reprint B-225. 
4 See particular discussion of this case by McKeehan, loc. cit. (12) p. 276-7. 
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Returning now to the actual films. A linear relation has been found 
between the reciprocal of coercive force and thickness. The hysteresis loss 
per cycle, per cc, satisfies the same type of relation. It is apparent that it 
must do so as all the hysteresis loops include a large rectangular area of about 
the same height and a width proportional to the coercive force. Taking the 
coercive force, therefore, as a measure of the energy dissipated in overcoming 
resistance to atomic magnetostriction, the linear relation mentioned above 
finds a plausible explanation. Making the substitution: 


6’ 2260/89 
Eq. (1) becomes: 
H.=5X 108/896’. (2) 


The coercive force is thus inversely proportional to an “‘equivalent thickness”’ 
which is about 25 millimicrons greater than the real thickness. Considering 
now hypothetical films in which resistance to atomic magnetostriction is 
proportional to the elastic force called into play by the base material, the 
stress produced in a film will be inversely proportional to its thickness (since 
thickness is proportional to cross sectional area). This is obvious when one 
considers that the total force on the film for a given intensity of magnetization 
and, therefore a given expansion, is to be considered constant. That the true 
thickness, 0, does not vary inversely with coercive force shows that the iron 
film, when demagnetized, is already in a strained condition. This strain is 
due to the iron film being under tensile stress. Examination of Eqs. (1) and 
(2) shows that for the same numerical value of 6 and 6’, the value of H, 
obtained from Eq. (1) is less than that obtained from (2). This means that 
the compressional stress is less for the actual films, which naturally leads 
to the idea of an initial tension when the film is demagnetized. This initial 
tension may be traced to several possible causes: (1) The presence of a 
magnetic field during deposition. In these experiments such a field actually 
exists, though it is different at different points in the film, being the resultant 
of the vertical component of the earth’s field and the field produced by the 
current in the electrolyte, in the cathode, and in the anode wires. The films 
actually are magnetized during deposition and a subsequent demagnetization 
would leave them under tension. (2) The process of electrolytic deposition, 
aside from the presence of magnetic fields, may produce strains." (3) If 
occluded hydrogen is present it undoubtedly produces stresses. 

The presence of this initial longitudinal tensile stress should undoubtedly 
cause an increased ease of magnetization during the first part of the mag- 
netization curve. Although such an effect is not observed it may well exist 
but lie below the lowest field value at which readings can be taken with the 
apparatus. 

The theory presented above seems well supported by some other con- 
siderations which will be pointed out briefly. The somewhat greater magnetic 
softness of Edwards’ films may be ascribed to the use of a thin aluminum 
foil as the base material. Films deposited electrolytically on a solid brass 


% McKeehan, loc. cit. (13), reports such a case for a nickel film. 
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rod are harder to magnetize. One, 102 millimicrons thick, reaches an in- 
tensity of magnetization of only 1100 at 150 gauss, and the slope of the curve 
is still fairly steep. Also, films of this type show a much smaller remanence; 
in the case quoted, only 63 percent of the maximum value of I. More energy 
is considered to be stored in the elastic distortion of the rod and more is, 
therefore, available to aid the demagnetizing process. 

The question of occlusion of hydrogen by these films should receive some 
attention. The work of Kaufmann and Meier and that of Take Soné shows 
quite definitely that some of the hydrogen occluded during deposition begins 
to escape very soon, as shown by a change in the magnetic properties of 
the iron. An anneal at 250°C hastens this process. Also, electrolytic iron 
with large amounts of occluded hydrogen is known to rust very readily. 
The writer’s films agree with none of the above. The iron shows no appre- 
ciable change in magnetic properties with time. The measurements reported 
above were made from 6 hours to 2 days after deposition of the films. Earlier 
films, on which this point was particularly checked, showed no appreciable 
change between observations made immediately after deposition and from 
2 to 13 days later. The films are not particularly likely to rust unless touched 
with the fingers. An anneal for one hour at 250°C in a carbon dioxide atmos- 
phere produced, in some cases in which it was tried, an increase in coercive 
force, but no change in the general character of the hysteresis loop, such as 
that observed by Kaufmann and Meier. There is, however, undoubtedly 
a liberation of hydrogen from the electrolyte during the electrolysis, since 
the current efficiency is low and gas bubbles appear on the cathode. It may 
be stated that these bubbles do not appear until the iron film has been 
forming for 2 or 3 seconds. If hydrogen is occluded in these thin films, it 
must be held far more firmly than that part of the hydrogen which escapes 
so readily from thicker films. It is, of course, well known that it is very 
difficult to drive out all the occluded hydrogen from electrolytic iron, so 
that the occlusion of hydrogen in a very tightly bound condition is by no 
means precluded. 

In conclusion the writer would like to express his thanks to Mr. J. B. 
Dempster for constructing the magnetometer and for helpful suggestions 
as to its design. 

DEPARTMENT OF Puysics, 


UNIVERSITY OF Iowa, 
July, 1927. 
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A REPETITION OF THE MICHELSON-MORLEY EXPERIMENT 
USING KENNEDY’S REFINEMENT 


By K. K. ILLINGWoRTH 


ABSTRACT 


The ether drift experiment as performed by Kennedy with a reduced optical 
system in helium has been repeated with the same apparatus somewhat modified and 
the same results obtained. The interferometer has been improved by resilvering 
the mirrors so that 1/1500 of a fringe shift could be detected by an observer with 
good eyes, and 1/500 by an observer with poorer eyes. Additional readings, which 
eliminate steady thermal shifts of the fringes, have been made and these show no ether 
drift to an accuracy of about one kilometer per second. 


N A recent paper! Dr. R. J. Kennedy, National Research Fellow at the 

California Institute of Technology, has described a modification of the 
Michelson interferometer and its application to the ether drift experiment. 
This modification consisted of a small step one-twentieth of a wave-length 
thick in one of the total reflecting mirrors of the interferometer. The purpose 
of the present investigation is to make a study of the sensitivity obtainable 
by Kennedy’s method and to make further investigations as to the presence 
of an ether drift using Kennedy’s apparatus. This work has been done in a 
sub-basement constant temperature room in the Norman Bridge Laboratory 
of Physics. 

The float, mirrors and light source and also methods of adjusting are the 
same as used by Kennedy. The mirrors are mounted in steel and brass 
supports attached to a marble slab which is four feet square. A brass case 
encloses the mirrors and light paths, so that the paths may be filled with 
helium, or exhausted as desired. Helium was used, as it has such a low index 
of refraction that variations due to temperature changes are reduced to a 
negligible quantity. Because of tarnishing, three of the mirrors previously 
used had to be resilvered, but two which had platinum surfaces were not 
resurfaced. 

One of the platinum mirrors has a step in it of approximately one- 
twentieth of the wave-length of green light. Light from the source was 
focused on this step mirror, the fringes were formed there and the observing 
telescope was focused accordingly. Because of the small difference in path 
to the two halves of the step mirror a slight discontinuity exists between the 
fringe systems on either side of the step, the two systems being out of phase 
by one-tenth of a fringe. In general this produces a sharp change in intensity 
at the step A as seen in Fig. 1a, which represents the distribution of energy 
in the fringe systems in the neighborhood of the step at A.. If, however, the 
fringes are shifted to the position relative to the step as shown in Fig. 1b, 


1 Kennedy, Nat. Acad. Sci. Proc. 12, 621-629 (1926). 
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there will be no discontinuity in the intensity at A. Consequently, when a 
telescope is focused on a small region in the immediate neighborhood of the 
step, one observes for the two cases the fields of view as shown in the small 
circles just below A in each diagram. In case 1a the two halves of the field 
are unequally illuminated with a sharp line of demarcation, while in case 1b 
the two halves of the field are equally illuminated. This equality of the two 
halves of the field constituted a very delicate test as to the exact position 
of the fringes as a movement of one-twentieth of a fringe would change the 
field from equal intensity on the two sides to zero on one side and several 
times the original intensity on the other. The quantitative theory of the 
intensity changes caused by small shifts has been worked out in detail by 
Kennedy.! 


Intensity 


Fig. 1a. Fig. 1b. 
Illustrating the half-shade method of locating the position of interference fringes. 


For determining experimentally the sensitivity of such an arrangement, 
Kennedy’s method of distorting the marble slab by placing small weights on 
one corner was used. A direct movement of the compensator mirror caused 
a too rapid movement of the fringes and could not be set with precision. 
By observing the weight required to distort the marble slab sufficiently to 
change the fringe pattern a measurable fraction of a fringe, the weight for a 
whole fringe could be computed by simple proportion. This was done on the 
assumption that Hooke’s law holds for the small forces employed. In this 
manner it was determined that 7,500 g. placed at a fixed point on the slab 
would change the pattern by one fringe. The apparatus is then adjusted so 
that the intensity across the step is uniform and no line of demarcation is 
visible. In other words the two systems are as in Fig. 1b. The part of the 
fringe actually observed was so small that the two halves of the field were 
evenly matched. By observing the smallest weight which when put on the 
marble at the fixed point produces a noticeable change in the intensity of the 
two halves a measure of the sensitiveness or least fringe shift which can be 
detected is obtained. 

As the sensitivity of this method depends on the minimum difference of 
intensity the observer can detect, the sensitivity was determined by five 
men from the laboratory staff. While making the tests the observer could 
not see what weights were added or removed. The observed sensitivity was 
defined as the minimum weight the removal or addition of which the observer 
could name correctly in nine cases out of ten. Table I gives values of the 
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sensitivity for the five observers in terms of grams added and corresponding 
fringe shift. In the last column the ether drift velocity corresponding to 
these shifts is given. 


TABLE I 
Sensitivity of the interferometer system as determined by five observers. 
Observer Least weight Fraction of Velocity of ether drift 
observed fringe this would detect 
A 15 grams .002 5.0 km/sec 
B 15 -002 
Cc 5 .0007 3.0 
D 5 .0007 
E 25 .0035 6.6 


During the latter part of June the original Kennedy method of observing 
ether drift was used; namely, to await temperature conditions so stable that 
the apparatus could be rotated through a right angle and back to the original 
position without a noticeable change in intensity of the two halves of the 
field of view. In all cases the observer started looking North, rotated the 
apparatus to look West, and then back to North. On thirteen occasions 
during the ten days it was possible to fulfill the above conditions. In no 
case when the conditions were fulfilled was it possible to observe a shift as 
the apparatus was rotated from the north to the west position of as much as 
.002 fringe, which would detect an ether drift above 5.0 kilometers per 
second. 

As it was difficult to obtain stable temperature conditions, it was thought 
best to use a method which would eliminate the effect of a steady displace- 
ment due to thermal changes. Therefore a large number of 14 gram weights 
were arranged on a vertical rack fastened to the marble slab where the 
previous sensitivity checks had been made. Starting with the field of view 
exactly balanced it was noted how many weights were removed or added to 
balance again after a rotation of 90°. It was therefore possible to get numeri- 
cal readings for the shift of the fringes as the rotation progressed, and to 
average these readings so that even smaller ether drifts could be detected 
and greater precision obtained. This method has the further advantage.that 
it was impossible for the observer to be influenced by prejudice. 

During the first ten days of July a set of observations was made on the 
following program. Each day at 11 A.M., 5 P.M., and either 5 A.M. or 11 P.M. 
the apparatus was rotated twenty revolutions and readings taken every 90°. 
During the first ten, the observer stopped the apparatus and took a reading 
when he was looking north, west, south, east and north, the readings being 
taken every 30 seconds. During the last ten the directions were changed to 
north-east, north-west, south-west, south-east and north-east. 

Table II gives the readings that were taken at 11 a.m. July 9 for the 
N, S, E, W and N positions and is typical of all readings taken. The number 
represents the total number of weights removed and hence fringe displace- 
ment after leaving the north position. One weight equals 1/500 fringe. 
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TABLE II 


Readings taken for the N, S, E, W and N positions at 11 A.M. July 9, 1927. 
The numbers represent the total number of weights removed in order to balance the system. 
One weight equals 1/500 fringe. 


N E S W N 
0 —3 -7 —12 —17 
0 —5 —10 —15 —19 
0 —4 —- 9 —14 —19 
0 —4 - 9 —14 —19 
0 8 —13 —20 
0 -—8 —14 —19 —23 
0 —5 —10 —14 -—17 
0 -5 8 —12 
0 —4 -9 —14 —18 
0 -4 - 9 —13 —18 
Average 0 —4.6 —9.3 —14.0 —18.7 


Average N S N= —9.33 
Average E W =—9.30 


—0.03 Average displacement, due to orientation, in terms of weight. 


It will be noted that this method of averaging eliminates the effect of 
steady thermal shifts. The results of the displacements for the ten days are 
tabulated in Table III. Each value in the table represents the displacement 
due to orientation as determined from a set of readings for ten revolutions 
similar to those shown in Table II. 


TABLE III 
Summary of results 
5 A.M. 11 A.M. 5 P.M. 11 P.M. 
N,S,-E,W NW,SE—N,S—E,W NW,SE— N,S—-E,W NW,SE— N,S-E,W NW,SE- 
SW,.NE SW,NE SW,NE SW,NE 
+.12 — .33 +.35 —.11 +.12 +.22 —.05 +.12 
+.57 +.12 —.21 —.18 —.28 —.23 +. +.09 
.00 .00 —.03 —.26 —.72 —.40 —.63 — .03 
+.10 —.22 —.15 +.06 —.08 +.02 —.22 —.13 
+.32 .00 —.11 +.19 +.09 +.08 .00 +.12 
—.01 — .05 +.24 +.10 +.15 +.15 —.20 — .02 
—.07 —.03 +.15 +.07 
—.03 +.02 +.18 —.18 
—.03 +.08 +. -. 
.00 +.12 —.05 +.05 
Average 
displacement +.18 —.08 —.004 —.001 —.041 —.025 —.17 +.025 
in terms of 
weights. 
Fringe 
displacement +.00036 —.00016 —.000008 —.000002 —.000082 —.000050 —.00034 + .000050 
Probable 
error 00012 -000090 §=.000073 000060 00012 000082 .00014 000056 
Ether velocity 
in kilometers +2.1 —1.41 —.32 —.16 —1.0 -—.79 —2.1 +.79 
per second. 
Fringe dis- 
placement for .003 .005 .008 000 .003 .005 .002 000 


Miller’s results 


In Table III the ether velocity is computed from the well known formula 
which, for the dimensions of the interferometer here used, simplifies to 
V =112D" where D is the fringe displacement caused by a rotation through 
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a right angle. The probable errors have been computed for the deviations 
of the values in Table III from the mean value. The values of the fringe 
displacement one would have to observe on the equipment here used in 
order to get an ether velocity such as reported by Miller were computed 


from data in Miller’s paper? and Kennedy’s! paper. The ether drift as re- 


ported by Miller reaches a maximum 5.5 hours after sidereal noon. This 
makes the maximum occur at approximately 11:00 a.m. for the time of year 
the above readings were taken. 

For 11:00 a.m. and 5:00 p.m. when the largest number of readings 
were taken and the temperature control was most satisfactory the probable 
error as indicated in Table III corresponds to an ether drift velocity of about 
one kilometer per second. For 11:00 p.m. and 5:00 a.m. when fewer 
readings were taken and when temperature conditions were erratic the prob- 
able error corresponds to a slightly larger velocity. Since in over one half the 
cases the observed shift is less than the probable error the present work 
cannot be interpreted as indicating an ether drift to an accuracy of one 
kilometer per second. This is but little more than one-tenth of the velocity 
found by Miller. In terms of fringe shift which is the quantity directly 
observed the present work shows that for the more reliable 11:00 A.M. and 
5:00 p.m. averages the shift was in no case more than 1/100 of the maximum 
value of 0.008 calculated from Miller’s observations. Even the large reading 
at 5:00 a.m. yields only 1/22 of this value. 


NorMAN BRIDGE LABORATORY OF PuysIcs, 
CALIFORNIA INSTITUTE OF TECHNOLOGY, 
August 15, 1927. 


2 Miller, Science April 30, 1926. 
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LIQUID WIRES AND THEIR SURFACE FILMS 
By W. B. PrETENPOL AND H. A. MILEY 


ABSTRACT 


Functién of oxide films in supporting molten wires of Pb, Sn, Zn and Bi.— 
A wire of low melting point metal may be made to glow when freely suspended and 
heated in air or oxygen. This has been shown to be due to the formation of an oxide 
film of sufficient tensile strength to permit the molten metal to be sustained even 
though its melting point is much lower than the glowing temperature. It has been 
shown that the assumption of Damianos, that the oxide film serves only as a network 
in preventing a surface change of the liquid and that the tensile strength of the molten 
metal holds it together is not tenable. 

Ability of sulphide, bromide and chloride films to support molten wires.— 
Wires with clean surfaces when heated in nitrogen break at the melting point of the 
metal. Experiments with sulphide, bromide, and chloride films reveal three facts, (1) 
if there is not a firm coat at the melting point of the metal the wire breaks at that 
temperature, (2) if the melting point of the coat is between the melting point of the 
metal and the glowing temperature, then the wire breaks at the melting point of the 
coat, (3) if the melting point of the film is above the glowing point, the wire can be 
made to glow when freely suspended. 

Temperature coefficients of resistance.—The suspension of molten metals by 
their oxide films affords a unique method of measuring the temperature coefficients of 
resistance of low melting point metals through the solid and liquid states. 


INTRODUCTION 


T WAS reported by D. Damianos' in a note entitled “Can a freely sus- 

pended lead wire glow?” that a lead wire through which an electric current 
was passed might be heated to the glowing temperature and still remain 
intact. By observing the change in resistance with current he concluded that 
the lead must be melted, and that an oxide film prevented a surface change 
of the liquid and enabled the tensile strength of the metal to hold the wire 
together. He further found that when the lead wire was heated in nitrogen, 
the wire broke without reaching the glowing temperature. 

This somewhat unusual phenomenon led to our investigation of the 
surface films and their relation to the suspension of wires of molten metals. 
The metals selected for experimentation were lead, tin, zinc, and bismuth 
because their melting points are lower than the glowing temperature. Their 
respective melting points are: lead, 327; tin, 232; zinc, 419; and bismuth, 
269°C. Since the temperature of a substance at the first visible red is about 
525°C and at a dull red it is 700°C it is obvious that when a wire of the above 
type is made to glow, the metal itself must be in the molten state. 


APPARATUS AND METHOD 


Glass tubes were drawn out until practically uniform in bore. Lead, tin, 
zinc and bismuth metals were melted and drawn into these tubes, which 


' D. Damianos, Phys. Zeits. 27, 289 (1926). . 
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varied from 0.3 to 3 mm in diameter. After the metals had solidified they 
were placed in hydrofluoric acid, which removed the glass. This acid does 
not react readily with any of the metals except zinc. It was necessary in the 
case of zinc to give the minimum exposure to the acid. Great uniformity and 
various sizes of lead and tin wires were obtained by drawing them through a 
die. The dimensions of the wires that were ordinarily used were 0.8 mm in 
diameter and from 1 to 4 cms in length. 

The wires were heated slowly to the glowing temperature, and a simple 
voltmeter-ammeter method was used in obtaining the relation between 
current and resistance. A special current breaking device was constructed 
to prevent the burning out of the voltmeter when the breaking points of the 


-metallic wires were reached. The wires were soldered to heavy copper leads 


and electrically heated in air. Fig. 1 shows a representative series of 
current-resistance curves for lead. The break in the curve indicates the 
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Fig. 1. Comparison of current and resistance at melting point with the length of the wire. 


melting of the lead, and the slope of the curve above the melting point is 
greater than the slope below that point. A corresponding curve for tin is 
very similar in general to the one for lead. The slope is not as great either 
below or above the melting point, as it is in the case of lead. The current- 
resistance curve for zinc rises gradually up to the melting point, there the 
resistance practically doubles, and then the curve acquires a small negative 
slope which changes to a small positive one before the glowing temperature 
is reached. The curve for bismuth is less reproducible. The wire could be 
kept suspended at the glowing point for a long time, and a large number of 
curves were plotted, but a consistent type of curve could not be obtained. 

The curves in Fig. 1 show the variation of current and resistance of wires 
of uniform cross-section with length. The wires were 0.8 mm in diameter 
and the lengths varied from 1 to 4 cms. The currents (indicated by the 
points a, b, c, d, e and f) where the wires began to melt, are plotted against 
length in the upper right-hand corner. This curve shows that the current 
carrying capacity of a wire does not remain constant but increases with 
decrease in length, because of the greater percentage of heat carried away 
by conduction to the end leads as the length is decreased. 
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A lead wire was kept glowing for an hour and then cooled, and its charac- 
teristics noted. The displacement of the curve showed that the resistance 
of the wire had greatly increased. This was shown to be largely due to change 
of shape. The wires sag when melted, thicken in the middle, and get smaller 
near the ends. Wires supported on asbestos showed a very small increase in 
resistance when heated a second time. When a wire was cooled before it 
reached the melting point, and the characteristics noted a second time, the 
increase in resistance was inappreciable. These results indicate that the 
thickness of the oxide coating was not changed appreciably even when heated 
for a considerable period in air. 


WrreEs HEATED IN NITROGEN 


An apparatus was constructed which permitted the heating of wires in 
an atmosphere of nitrogen. An absorber for oxygen (potassium hydroxide 
with pyrogallol) was placed between the nitrogen generator and the ap- 
paratus. The lead, tin and zinc wires, that had been sand-papered after 
soldering and just before inserting into the nitrogen, broke when heated, at 
a current strength that corresponded with the point on the characteristic 
curve in air where the resistance practically doubled. Before sulphuric acid 
and calcium chloride were placed between the oxygen absorber and the 
apparatus (for the absorption of water vapor) the lead wires broke at a point 
which was later shown to be the melting point of the metal. The tin and zinc 
wires, however, oxidized enough from the water vapor to remain coherent 
until the glowing point was reached. When borax was put on the surface of 
the tin and zinc wires, in order to remove any oxide that might be on the 
surface and to keep any new oxide from forming, the wires broke at the 
melting points. These points were indicated by a sudden increase in the 
resistance of the wires, and at these temperatures droplets of unoxidized 
metal fell in the tube. When precautions were taken to remove all water 
vapor, wires of the different metals broke at their respective melting points. 
The fact that lead was not oxidized by the water vapor enough to remain 
suspended is probably due to its greater weight, and to the fact that it does 
not oxidize as quickly. 

When a lead wire was sand-papered before soldering and heated in nitro- 
gen it remained intact until the glowing temperature was reached, but when 
sand-papered after soldering it broke at the melting point. This showed that 
the heat of soldering was sufficient to form an oxide film that would support 
the wire. When newly drawn lead wires were scraped with a knife and left 
exposed to the air for a day, it was found that the oxide film was sufficient 
to keep the wire suspended to the glowing temperature. For these experi- 
ments small clamps were used instead of soldering. In every case where a 
thin oxide film was formed on the surface, the glowing point could be reached, 
while if the necessary precautions were taken to prevent or remove the film 
the wires would break down into droplets at the supposed melting points 
of the metals. 
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WIrrREs HEATED IN OXYGEN 


The characteristics of the three kinds of wires were noted when heated 
in oxygen, and found to be identical with those noted in air. From the ex- 
periments in nitrogen and oxygen it may be concluded that the suspension 
of the low melting point metals to the glowing point is due to an oxide coat 
or film on the surface. 


FUNCTION OF THE OXIDE COAT 


Wires of nickel-copper, nickel-chromium, German silver, copper, lead, 
tin, zinc and bismuth, about no. 20 B. & S. in size, were mounted at the same 
time on a thin asbestos support, which was heated uniformly by means of 
bunsen flames. The wires all glowed almost simultaneously. When the source 
of heat was removed they ceased glowing at practically the same instant. 
This indicates that the temperature reached is more than 525°C and that 
the low melting point metals are in a molten state. When lead, tin, and 
bismuth wires were dropped on the asbestos after it had reached a tem- 
perature above 400°C the metals would melt so quickly that the expansion 
would cause a disruption of the oxide coat in a number of places, especially 
along the upper surface, and small droplets of the liquid would protrude 
through the openings. When the wires were heated slowly this did not occur. 
Two possible explanations were offered at the time. It was thought that 
either the oxide coat would adjust itself to the expansion of the liquid by 
stretching, or that when the surface film broke, a new film would quickly 
form to cover and withhold the exposed metal. The latter idea was aban- 
doned when the experiment was performed in nitrogen, in which the film 
remained intact but which gave no chance for new oxide seals to be formed. 
G. Vicentini and D. Omodei? give 0.003076 cc per gram or 0.03488 cc per cc 
as the value for the change in volume of lead when it melts. The thermal 
coefficient of expansion (cubic) of lead is* 0.0000882. L. Playfair and J. P. 
Joule* give 0.0000795 for the coefficient of thermal expansion (cubic) of 
lead oxide. When a lead wire was heated in nitrogen and transformed from 
room temperature to the molten state, say from 27°C to 327°C, the expansion 
of a unit volume of the lead was 300 X0.0000882 +0.03488 =0.06134. The 
expansion of a unit volume of the lead oxide was 300 X0.0000795 = 0.02385. 
This shows that the expansion of lead is 0.03749 cc per unit volume more than 
the lead oxide. The fact that the lead expanded 2.57 times as much as the 
lead oxide indicates that the coat really stretches and is possibly under 
tension. 

Reference has been made to the work of Damianos! in which he regards 
the liquid lead filament as flexible, hanging in the form of a catenary, with 
individual parts actually in tension. He further states that, “‘Since the lead 
oxide film is exceptionally thin and its tensile strength correspondingly small 
one cannot assume that it functions as a sort of tube which carries the liquid 

? G. Vicentini and D. Omodei, Atti. Acad. Torino, 23, 38 (1888). 


8’ Hodgman and Lange, Handbook of Physics and Chem., 10th Edition, 468. 
‘L. Playfair and J. P. Joule, Journ. Chem. Soc., 1, 137 (1849). 
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lead, but rather one must assume that it is the tensile strength of the liquid 
which holds it together.’”’ That this is not the correct explanation has been 
shown experimentally. Oxidized lead wires were bent in the middle in the 
shape of a hairpin and supported in a vertical position by means of a hori- 
zontal copper wire. These were inserted in an electric furnace at a tem- 
perature above the melting point of lead. Frequently, the molten lead would 
flow within the oxide coat to the ends of the wire where the oxide films, very 
much expanded, would sustain large globules of the molten metal. Thus a 
thin, collapsed, and tubular film was left to uphold the entire weight of the 
lead wire, and it was obvious that the oxide coat had considerable strength. 

To determine more exactly the function of the oxide film a new method 
was adopted. A heavy brass bar was designed to hold one end of an oxidized 
lead wire so that it could be suspended vertically. The wire was then lowered 
into an electric furnace through an opening in the top in such a way that the 
lower part first reached the melting temperature. The melting of the wire 
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Fig. 2. Variation of breaking volume with radius of cross-section of molten lead wires. 


would progress upward very quickly and as soon as the melted portion of the 
wire reached a length where its weight was sufficient to break the oxide film, 
that part of the wire would fall. This length will hereafter be referred to as 
the breaking length. By measuring the length of the wire before and after 
the experiment, the breaking length and hence the volume and force neces- 
sary to break the wire could be determined. The oxidation was the same in 
every case as the time taken for the breaking length to be reached was almost 
instantaneous. For wires of a given diameter the breaking lengths could be 
checked with a surprising degree of accuracy and the simplicity of the 
experiment made it possible to take, as the accepted value, the average of a 
large number of determinations. The breaking force was determined for a 
number of wires of different diameters and the results are given in Fig. 2. 
Since the breaking force is proportional to the volume and the circumference 
of the oxide film is proportional to the radius of the wire, the breaking volume 
is plotted against the radius. The fact that this is a linear relation, shows that 
the oxide coat serves wholly in supporting the liquid wire. The cross-section 
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of the oxide film varies with the circumference or the first power of the radius, 
while the cohesive or tensile forces in the molten lead vary with the area of the 
cross-section or the second power of the radius, and if any appreciable part 
in the supporting of the molten wires could be attributed to the latter the 
relation expressed in Fig. 2 could not result in a straight line. One might 
question the accuracy of this statement by assuming that the surface tension 
at the liquid-oxide surface is an appreciable factor, and therefore might exert 
a noticeable force which would vary as the first power of the radius. That 
this is not the case is indicated by the readiness with which molten lead will 
flow over the inner surface of an oxide film, thereby showing that the liquid 
lead wets the oxide surface and that no surface film of the liquid lead is 
formed to introduce the factor referred to as surface tension. Damianos’ 
assumption therefore that the oxide film serves only as a network in prevent- 
ing a surface change of the liquid and that the tensile strength of the liquid 
holds it together is not tenable, and it must be concluded that the surface 
films have considerable strength and serve in supporting the molten metal. 


EFFECTS OF OTHER INORGANIC COATS 


An experiment was made to see what would be the effect of a lead sulphide 
coat on the suspension of a lead wire. When a scraped wire was heated in 
hydrogen sulphide, it held up to the glowing temperature as if it were in 
oxygen. A zinc wire remained suspended to the glowing point under the 
conditions of the experiment, but tin wires broke at the melting point in 
every case. The fact that tin wires when heated in hydrogen sulphide for 
fifteen minutes, almost at the melting point, broke down when the melting 
point was reached, led to the making of chemical tests which revealed no 
trace of a sulphide. It was however found that when heated in this way for 
an hour a sulphide coat was formed that would suspend the wire to the 
glowing temperature. A good check was later obtained from an article by 
A. Ditte® which stated that hydrogen sulphide does not act on tin at ordinary 
temperatures, but at 100°-400°C it forms stannous sulphide. 

Further tests showing the suspension of molten metallic wires by surface 
films were made in an atmosphere of chlorine gas. The lead wires remained 
intact up to the glowing temperature, while the tin and zinc wires broke at 
their melting points. The effect of the lead chloride and zinc chloride coats 
were as expected from previous experimental results, but since the melting 
point of stannous chloride is a little above the melting point of tin it seemed 
that it should not break so suddenly at the melting point of tin. However, 
according to M. Berthelot,® chlorine converts stannous chloride into stannic 
chloride. Since the melting point of stannic chloride is below the correspond- 

ing point for tin this agrees with the experimental results. 
To test the effect of bromide coats, the wires were scraped beneath the 
surface of bromine solution, removed after a short exposure, and the charac- 
teristics noted in nitrogen. The tin and zinc wires broke at their melting 

5 A. Ditte, Ann. Chim. Phys. (6) 19, 68 (1891). 

® M. Berthelot, Thermochemie, Paris 2, 154 (1897). 
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points, and the lead wire broke just past its melting point. Since the bromides 
of tin and zinc melt at a lower temperature than these metals and the melting 
point of lead bromide is just past the melting point of lead, the experimental 
results thus far indicate that the main requirement for a molten metallic 
wire to remain suspended is a surface coat that does not melt. 

A summary of the effects of the different kinds of inorganic coats on the 
suspension of low-melting-point metals is given in Table I. 


TABLE I 
Summary of the effects of different iaoante coats on the suspension of metals 
of low melting point. 
Substance Gas Coat Melting Pt. Temp. of metals 
of coat. °C reached. °C 

Pb Ne None 327 
Sn 232 
Zn 419 
Pb O: PbO 888 Glowing point 
Zn ZnO 1260 
Pb H.S PbS 1112 Glowing point 
Sn SnS 882 
Zn ZnS 1049 
Pb Cl, PbCl, 501 Faint glow 
Sn SnCl, —33 232 
Zn . ZnCl, 365 419 
PbBr N PbBr; 380 Just past m. p. 
SnBre SnBre 29.9 320° 
ZnBr2 ZnBre 394 419 


The effects of various inorganic coats on the suspension of low melting 
point metals reveal three facts: (1) if there is not a firm coat at the melting 
point of the metal the wire breaks at that temperature, (2) if the melting 
point of the coat is between the melting point of the metal and the glowing 
temperature, then the wire breaks at the melting point of the coat, (3) if the 
melting point of the film is above the glowing point, the wire can be made 
to glow when freely suspended. 


RELATION BETWEEN RESISTANCE AND TEMPERATURE OF LEAD WIRES IN 
OxIDE FILMs 


The curve in Fig. 3 is an accurate determination of the relation between 
resistance and temperature of an oxide coated lead wire when heated in an 
atmosphere of nitrogen. A special method of sealing a clean lead wire to 
brass blocks of considerable size was used. The wire was then coated with 
lead oxide by heating with an electric current in air. A sufficiently strong 
film was thus formed to hold the molten lead. The wire was then inserted in 
a specially constructed vessel which was filled with nitrogen and placed in 
an electric furnace. The temperature of the furnace was controlled and 
measured by means of a thermocouple. A constant small current of the order 
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of 30 milliamperes was sent through the wire and the potential drop measured 
by means of a potentiometer. The change in resistance and temperature 
coefficients could thus be calculated. 

This method of measuring the temperature coefficients of resistance of 
a metal as it slowly changes from the solid to the liquid state is unique in 
that the oxide film is used as a container for the molten metal. The nitrogen 
atmosphere prevents any further oxidation of the metal as the temperature 
is increased. 

One noteworthy fact is that the change in resistance does not take place 
abruptly when the metal melts, at 327°C in the case of lead, but begins at 
about 320°C and continues at a rapid rate until about 340°C or above. The 
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Fig. 3. Electrical resistance of lead at different temperatures. 


temperature control of the furnace and the reliability of the measurements 
may be judged by the fact that the time spent in changing the temperature 
from 320°C to 338°C was more than 13 hours. 

Since in this experiment the oxide coated wire was supported by resting 
upon a porcelain plate it was first thought that the wire in the molten state 
might retain its form until above 800°C, the melting point of the oxide. 
The wire, however, broke at 650°C, and this is the temperature at which 
H. Roseti? and V. Kolhschutter® found that red oxide was changed to lemon 
yellow oxide. The formation of the yellow oxide was clearly evident when 
the wire was cooled. During the change there was apparently a weakening 
of the surface film, and this permitted the molten lead to lose its shape. By 
this method further work is being carried on in determining the temperature 
coefficients of low-melting-point metals at various temperatures in the solid 
and liquid states. 

HALE PuysicaL LABORATORY, 


UNIVERSITY OF COLORADO, 
April, 1927. 


7H. Roseti, Ber. 56 B, 285 (1923). 
8 V. Kolhschutter, Zeits. Elektrochem. 16, 356 (1910). 
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